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STUDIES OF COMPOSITE METAL OXIDE BASED ETA SOLAR CELLS 
 
Summary  
The drive to produce low cost and efficient solar cells to replace solid state 
silicon cells has led to the rapid growth of nanotechnology in the PV field. Dye sensitised 
(DSSC) and extremely thin absorber (ETA) layer solar cells are two such devices that 
rely on the use of nanostructured anodes. The very high surface area of the metal oxides 
enhances the efficiency of the devices by increasing light harvesting of the dye 
monolayer and extremely thin absorber in the DSC and ETA cell respectively. Currently 
TiO2 has been the most common material of choice in these cells. However, the search 
for new semiconducting materials to act as efficient light absorbers, has led to 
alternative materials being considered. ZnO in particular has been investigated due to 
its transparency in the visible light region. However a drawback of ZnO is the materials 
susceptibility to corrosion under strong acid and base conditions. In an attempt to 
combat this problem, many composite electrodes such as ZnO/TiO2, ZnO/SnO2, 
ZnO/Al2O3 have been developed. These systems also have the ability to improve charge 
carrier separation and broaden their photoresponse region. In addition to the selecting 
of materials with the correct energetics, the morphology of the metal oxide particles 
plays an important role in these devices. The ability to manipulate the shape, size, and 
surface to volume ratio of these oxides is critical in influencing the materials chemical, 
electronic and optical properties.  
In this thesis the fabrication of (ZnO,SnO2) composite electrodes by aerosol 
assisted chemical vapor deposition (AACVD) was investigated. By simply varying the 
Zn:Sn ratio in the precursor solution, a range of (ZnO,SnO2) composite materials along 
with single phase ZnO and SnO2 has been fabricated. It has been found that the 
morphology of the deposited electrodes is highly dependent on the Zn content of the 
system and electrodes with morphology ranging from nanoplates, to nanocolumns, to 
highly compact structures has been deposited by controlling the Zn content.  The 
dependence of the Zn content in the deposition solution on the photoelectrochemical 
(PEC), optoelectronic, photon to electron conversion efficiency (APCE) and photovoltaic 
characterization was investigated. ETA solar cells with                                          
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FTO/(ZnO,SnO2)/In2S3/PbS/PEDOT:PSS/Cgraphite/FTO structures were successfully 
fabricated with the (ZnO,SnO2) composite electrodes to demonstrate the suitability of 
these metal oxide anodes for optoelectronic applications. This work has shown that 
AACVD is a useful technique for engineering the properties of semiconducting 
electrodes for PV applications. 
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Chapter 1.0  Introduction 
1.1  Status of PV technology  
Over the past few decades, countries world-wide have become extremely 
concerned with global warming. This effect is believed to be caused by an increase of 
greenhouse gases, e.g. CO2, CH4, NOx, etc., which trap infra-red radiation within the 
earth’s atmosphere, thereby increasing the “global” temperature. One solution to reduce 
this threat has been to cut down the production of these gases by decreasing the use of 
conventional fossil fuels. This transformation in the energy policies of governments is 
not altogether due to the concern for the environment but is also political. Countries, 
especially those in the western world, are trying to reduce their dependence on fossil 
fuels due to growing concern over the quantity of fossil fuels remaining and the security 
of these supplies. As a consequence, these issues have led to an increase in the 
development of renewable energy technologies. The UK has set several national long 
term energy targets, in its Energy White Paper. These strategies include reducing 
carbon dioxide emissions (from present day values) by 60% by 2050, while maintaining 
reliable and affordable energy sources and competitive energy markets, and also 
ensuring that all households are adequately heated.1 Currently, the UK renewables and 
waste sector accounts for approximately 2% (based on 2007 figures) of the total 
primary energy supply, and 5% of the total electricity generated. The sector can be 
broken down in to 81.8% biomass, 8.8% wind 7.6% hydro and 0.9% geothermal and 
active solar heating, and 1.8% from other renewable sources.2 The UK government 
signed on to the 2009 EU Renewable Energy Directive which aims to provide 15% of the 
total energy consumed in the UK to come from renewable energy sources by 2020.3 The 
government aims to accomplish this task by promoting the uptake of renewable energy 
technologies by providing renewable energy incentives to the public. One of the 
incentives to promote the use of renewable energy technologies is to allow the public to 
“feed-in” the electricity generated by these technologies in to the national grid. As a 
result the household consumes less energy from the grid, lowers its carbon footprint 
and is also paid a premium. Since the introduction of feed-in tariffs in April 2010, over 
15400 solar panels were installed both domestically and commercially in the UK 
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between April and December 2010.4 The long term objective is to eventually withdraw 
the feed-in tariff, and allow the UK PV market to grow organically.  
 
Figure 1. Timeline of the major milestones in the development of PV solar cells.1,5 
 
Solar energy is of particular interest as it utilises a free and widely available 
energy source, solar radiation to generate electricity. Figure 1 shows the timeline for the 
development of the photovoltaic (PV) sector. In the last century the PV industry was 
mainly geared towards the development of space applications, however the energy 
crisis of the 1970’s where oil prices rocketed, provided a major incentive for the 
domestic utilisation of solar panels. For the last 50 years this technology has mostly 
been dominated by single crystal, polycrystalline and amorphous silicon solar cells. 
Unfortunately, the techniques used to fabricate these materials are both costly and 
energy intensive. As a result, recent research has been focused on producing low cost 
solar cells, by reducing both material consumption, and developing processing methods 
with reduced energy requirements. These efforts have resulted in the development of 
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dye sensitised, quantum dot sensitized, hybrid, extremely thin absorber and organic 
solar cells.  
Photovoltaic devices are commonly fabricated from at least one semiconducting 
material. The basic definition of a semiconductor is a material whose bandgap is 
sufficiently narrow to allow electrons in the valence band to be promoted in to the 
conduction band of the material. In PV cells, the energy used to excite the electrons is 
supplied by photons of light. The electrons absorb the energy supplied by the photons 
and excite to higher energy levels. If the energy supplied is high enough the electrons 
are promoted to the conduction band of the material, leaving behind a vacant position 
commonly known as a “hole” in the valence band of the material. These electron-hole 
pairs are the photogenerated charge carriers within the material, but unless charge 
separation occurs in the material they will relax to their initial state. In other words the 
electron-hole pair will recombine emitting energy, commonly in the form of thermal 
energy (i.e. lattice vibrations called phonons) as the electron moves to a lower energy 
level.89 PV cells have three main requirements; (i) complete absorption of light, (ii) the 
efficient creation of electron and hole pairs, and (iii) the fast separation of these charge 
carriers to create an electric current in an external circuit. However in excitonic solar 
cells such as organic and DSSCs the emphasis is on the reduction of charge carrier 
recombination, as charge transfer through the cell is significantly slow due to long 
electron transport paths.  
PV solar cells can typically be divided into three different fields; the first 
generation which is essentially crystalline PV (e.g. crystalline silicon, gallium arsenide, 
etc), the second generation which encompasses thin film technology (e.g. amorphous 
silicon, copper indium diselenide and cadmium telluride p-n junctions).6 The second 
generation also includes cells such as DSSC, organic and ETA solar cells. As a result this 
category includes all devices which have a single junction. At this junction, charge 
carrier generation and separation occurs, hence these devices have a thermodynamic 
efficiency limit of 31%.7 This value is based on the Schockley-Queisser limit that was 
first published in 1961 to predict the theoretical efficiency of a solar cell constructed 
from a simple p-n junction.8 The limit assumes that (i) the p-n junction is thick enough 
to absorb all the light with energy greater than or equal to the bandgap of the material, 
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(ii) that no energy below the bandgap of the material is absorbed, (iii) one absorbed 
photon generates one electron-hole pair, (iv) that charge carrier recombination occurs 
only via radiative relaxation (i.e. phonons), and (v) that all charge carriers that do not 
recombine are extracted from the cell.8 The maximum possible efficiency of these 
devices is low, as the cells do not absorb photons with energies smaller than the 
materials bandgap. In addition energy is lost by thermalisation of the lattice when the 
photon’s energy is greater than the bandgap.7 The third generation of solar cells 
overcome this problem by using multi-bandgap materials to create multiple junctions 
where charge carriers are generated and separated. As a result the maximum efficiency 
of the cell can reach efficiencies greater than 60%.7 These devices include tandem, 
tandem ETA, graded bandgap multi-layer, and quantum dot solar cells. Table 1 shows 
the current efficiencies of some of the commercially available solar cells in 
development. 
Table 1: Efficiencies of lab scale solar cells currently under development. (Cells have an 
area ≤ 10 cm2). 9 
Type of Solar Cell Lab Scale Devices 1st, 2nd or 
3rd 
Generation 
 Voc (V) Jsc (mAcm-2) FF η (%)  
Mono-crystalline Silicon 
 
Poly-crystalline Silicon 
 
Amorphous Silicon 
 
0.70 
 
 
0.66 
 
 
0.89 
42.0 
 
 
38.0 
 
 
16.8 
0.84 
 
 
0.81 
 
 
0.67 
24.7 
 
 
20.4 
 
 
10.1 
1st 
 
 
1st 
 
 
2nd 
CdTe 0.85 26.1 0.76 16.7 2nd 
CuInGaSe2 0.72   33.7                0.80 19.5 2nd 
DSSC 0.73 22.0 0.65 10.4 2nd 
Organic 0.88    9.4 0.63 5.2 2nd 
ETA 0.44   15.7 0.60 4.2 2nd 
Multi-junction cells 
(GaInP/GaAs/Ge) 
2.62 14.4 0.85 32.0 3rd 
Organic tandem 1.59 6.2 0.62 6.1 3rd 
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1.2  Extremely Thin Absorber (ETA) Layer Solar Cells  
The search for new and efficient methods to convert sunlight in to electricity has 
been the driving force for PV research over the past few decades. The outcome of this 
focus is renewed interest in nanocrystalline materials and their unique structural, 
optical and electrical properties. Application of these features in photovoltaic devices 
has led to the development of novel solar cell structures. One such device is the dye 
sensitised solar cell (DSSC), which has broadened exploration of solar energy 
conversion.  
The foundation of the DSSC concept is the establishment of a large internal 
surface area in the solar cell to improve light harvesting and was first reported by 
O’Regan and Grätzel in 1991.10 The DSSC consists of a metal oxide anode approximately 
10 μm thick. To achieve the increased surface area the anode is constructed from 
nanoparticles approximately 15 nm in width, thereby theoretically enlarging the surface 
area by approximately 2000 times.10 In addition the multiple surfaces and grain 
boundaries result in light being scattered throughout the anode. As a result light does 
not just pass through, but can be reflected back into the cell, improving light absorption. 
In the DSSC, the anode does not contribute to the photogenerated charge carriers but 
acts as an electron transport layer. Typically an n-type semiconductor with a large 
bandgap is employed in the cell to allow light to pass through the anode to the absorber. 
The first reported DSSC employed TiO2 within the cell.10 Over the past 20 years other 
materials such as SnO211 and ZnO12 have also been investigated, however the use of TiO2 
nanoparticles is still very common.13,14,15,16 On the surface of the metal oxide 
nanoparticles, a monolayer of dye is coated. Light is absorbed by the dye, and electron-
hole pairs are generated, by exciting an electron from the HOMO to the LUMO level. The 
dye is selected so that HOMO and LUMO levels are above the CB and VB of the metal 
oxide respectively. As a result the excited electron in the LUMO level can be injected in 
to the CB of the oxide. This results in a higher concentration of electrons near the 
surface of the particles at the top of the anode, than in the particles near the substrate. 
Consequently the electrons diffuse through the highly structured TiO2 network, to the 
substrate and in to the external circuit. Therefore charge generation and transport in 
the solar cell are separated. The excited dye is regenerated to its ground state by an 
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electrolyte containing a redox couple (commonly I-/I3-). The cell is finally completed 
with a platinum electrode.10  
The initial DSSC fabricated in 1991 had an efficiency of 7.1%.10 However 
improvements over the past two decades have increased the efficiency by a further        
4 %.17 Although the DSSC concept is fairly simple, a lot of challenges still remain. To 
achieve the highly structured network, metal oxide nanoparticles are used. However to 
provide an electron pathway, the metal oxide anodes must be sintered. This results in 
particle “necking”, and aggregation. Consequently sections of the porous anode can 
become blocked, impeding dye penetration and coverage.10 Charge generation and 
injection from the dye is most efficient when the dye is coated in a monolayer upon the 
surface of the nanoparticles. However the deposition of the dye molecules proceeds via 
a self-assembled chemisorption.18 As a consequence, the molecules are known to 
aggregate. This can hinder electron transport from the dye to the oxide as well leading 
to charge carrier recombination as a result of intermolecular quenching.19 In addition 
the excited dye molecule can be quenched by the oxidised redox species in the 
electrolyte, thereby reducing the performance of the cell.20 The absorption profile of the 
absorber also has a direct impact on the performance of the cell. Conventional inorganic 
semiconductors can absorb over broad wavelength range (i.e. the material will absorb 
photons ≥ Eg of the semiconductor), whereas dye molecules are known to display a 
Gaussian (bell shaped) type absorption profile, hence reducing the absorption of light in 
the DSSC.21 Another drawback of using dyes is that the photocatalytic properties of the 
metal oxide under UV light make the organic dyes more susceptible to degradation than 
inorganic materials.22 One consequence of using such a porous metal oxide anode is that 
direct contact between the conducting substrate and the electrolyte is highly probable. 
As a result cell performance is reduced due to short circuiting. Therefore a very thin           
(ca. ≤ 500 nm) and highly compact barrier layer usually of the same metal oxide is 
coated on the substrate prior to deposition of the porous structure.23 Another problem 
with the use of an electrolyte in the DSSC is the difficulty in creating a good seal to avoid 
electrolyte leakage and evaporation.24 
As a consequence of the problems encountered by the DSSC, solid state cells 
principally constructed from inorganic materials were developed.  One such cell is the 
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ETA solar cell which was developed in the late 1990’s, and uses concepts from both 
DSSC and thin film solar cells.  The cell borrows the principle of separating charge 
generation and transport from DSSC, while the generic structure for the ETA cell uses a 
p-i-n type thin film structure (please see Section 2.2.2 for further details). In the ETA cell 
light is absorbed by an extremely thin “i" layer. Within this layer charge carriers are 
generated. (However in the actual cell the absorber can be either an n or p-type 
semiconductor). The built-in electric field across this layer separates the charge 
carriers.  The electrons and holes are then transported through the p and n-type 
semiconductors respectively  
 
Figure 2. Structure of the Extremely Thin Absorber (ETA) Layer Solar Cell. 
 
Figure 2 shows a basic ETA cell structure with a number of inorganic 
semiconducting materials playing a vital role in the cell. In these cells glass with a 
transparent conducting oxide (TCO) is the most common substrate of choice to allow 
light to pass in to the cell. Upon the TCO a layer of n-type metal oxide is coated, and 
provides a route for electron transport through the cell to the circuit. This layer is 
typically fabricated from nano-sized particles or rods arranged in to a porous structure. 
As a result the internal surface area of the cell is substantially increased. However in the 
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ETA cell the oxide layer is not intended to generate charge carriers within the cell. 
Therefore the amount of light absorbed by this layer should be very small. 
Consequently, the metal oxide must be transparent to light; typically with a bandgap      
> 3.00 eV. As a result absorption in the visible and infra-red regions is avoided. Hence  
n-type TiO2 and ZnO have commonly been used within the ETA solar cell 
configuration.25,26,27,28  
Charge carrier (electron-hole pairs) generation occurs within the ‘absorber’ 
layer, which is deposited over the surface of the metal oxide layer. For that reason the 
bandgap of this layer is preferably ≤ 1.50 eV, to absorb a major portion of the solar 
spectrum. In an ideal device this coating covers the entire internal surface of the 
structured metal oxide layer. As a result the thickness of the absorber can be reduced to 
less than a few hundred nm. By reducing the thickness of the absorber, the probability 
of charge carrier recombination within this layer is reduced.108 The common ETA cell 
structure is completed by infiltrating the pores with a p-type semiconductor. CuSCN is 
the most common material used in ETA solar cells.32,33,34,35,36 However, the use of 
conducting polymers such as 2,2’7,7’-terakis(N,N-di-p-methoxy-phenyl-amine)-9,9’-
spirobifluorene (Spiro OMeTAD) and poly(3,4-ethylenedioxythiophene) doped with 
polystyrene sulfonic acid (PEDOT:PSS) as the hole conducting layer are also 
common.31,38,39 The ETA solar cell is typically finished with an electrical contact of either 
gold or graphite coated on the hole conductor. An overview of some of the materials 
used to construct ETA cells, and the efficiencies of these cells can be seen in Table 2. 
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Table 2: Review ETA solar cells currently under investigation. The solar cell 
characteristics were measured under AM1.5 simulated light (*unless otherwise stated). 
Cell 
Structure 
n-
Type 
Absorber p-Type Additional 
materials 
Jsc / 
mAcm-2 
Voc 
mV 
FF η / 
% 
Year Ref 
FTO/ ZnO/ 
In2S3/ 
CuInS2/ C 
ZnO 
 
CuInS2 
 
- 
 
In2S3 buffer 
layer 
15.7 441 0.60 4.17 2010 29 
FTO/ ZnO-
SnO2/ 
In2S3/ PbS/ 
PEDOT:PSS/ 
Cgraphite/FTO 
ZnO-
SnO2 
PbS PEDOT:
PSS 
In2S3 buffer 
layer 
8.2 320 0.26 0.68 2010 30 
FTO/ TiO2/ 
Inx(OH)ySz/ 
Sb2S3/ 
spiro-
MeOTAD/ 
Au 
TiO2 
 
Sb2S3 
 
Spiro-
OMeTA
D 
Inx(OH)ySz 
buffer layer 
10.6 610 0.48 3.10 2010 31 
FTO/ TiO2/ 
Inx(OH)ySz/ 
Sb2S3/ 
CuSCN/ Au 
TiO2 
 
Sb2S3 
 
CuSCN Inx(OH)ySz 
buffer layer 
14.1 490 0.48 3.37 2009 32 
FTO/ TiO2/ 
Inx(OH)ySz/ 
CdS/ Cu2-xS/ 
CuSCN/ Au 
TiO2 Cu2-xS CuSCN Inx(OH)ySz 
buffer layer 
0.4 380 - - 2009 33 
FTO/ ZnO/ 
In2S3/ 
CuSCN/ Au 
ZnO 
 
In2S3 
 
CuSCN 
 
- 9.0 600 - 2.8 2009 34 
FTO/ ZnO/ 
In2S3/ 
CuSCN/ Au 
ZnO 
 
In2S3 
 
CuSCN 
 
- 10.5 570 0.56 3.4 2008 35 
FTO/ ZnO/ 
In2S3/ 
CuSCN/ Au 
ZnO 
 
In2S3 
 
CuSCN 
 
- 11.1 546 0.53 3.2 2008 36 
FTO/ ZnO/ 
In2S3/ 
CuSCN/ Au 
ZnO 
 
In2S3 
 
CuSCN 
 
- 10.0 460 0.52 2.4 2008 37 
ITO/ ZnO/ 
TiO2 or  
In2S3/ 
CuInS2/ C  
ZnO CuInS2 - TiO2 or 
In2S3 buffer 
layer 
TiO2: 
12.0 
In2S3: 
9.1 
TiO
2: 
425 
In2S
3: 
455 
TiO2: 
43 
In2S3: 
60 
TiO2: 
2.2 
In2S3: 
2.5 
2008 26 
FTO/ TiO2/ 
In(OH)xSy/ 
Pb(OH)xSy/ 
PEDOT:PSS/ 
Au 
TiO2 Pb(OH)xSy PEDOT:
PSS 
Inx(OH)ySz 
buffer layer 
7.4 281 0.4 0.83 2008 38 
ITO/ TiO2 / 
PbS/ 
PEDOT:PSS/ 
Au 
TiO2 PbS PEDOT:
PSS 
- 2.2 173 0.26 0.10 2007 39 
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Cell 
Structure 
n-
Type 
Absorber p-Type Additional 
materials 
Jsc / 
mAcm-2 
Voc 
mV 
FF η / 
% 
Year Ref 
FTO/ TiO2/ 
CdS/ 
CuSCN/ Au 
TiO2 CdS CuSCN Al2O3 buffer 
layer 
2.3 860 0.65 1.3 2006 40 
FTO/ TiO2/ 
In(OH)xSy/ 
PbS/ 
PEDOT:PSS/ 
Au 
TiO2 PbS PEDOT:
PSS 
Inx(OH)ySz 
buffer layer 
7.4 280 0.4 0.83 2006 41 
TCO/ TiO2/ 
In2S3/ 
CuInS2/ Au 
TiO2 CuInS2 
-  
- In2S3 buffer 
layer 
13.2 460 0.46 2.8 2006 42 
FTO/ ZnO/ 
CdSe/ 
CuSCN/ Au 
ZnO  
 
CdSe  
 
CuSCN 
 
- 3.9 
(340 
Wm-2) 
490 0.42 2.3 2006 43* 
FTO/ ZnO/ 
CdTe/ 
CuSCN/ C 
ZnO  CdTe 
 
CuSCN 
 
- 0.03 200 0.28 0.002 2005 44 
TCO/ TiO2/ 
Al2O3 
/In2S3/ 
CuInS2/Au 
TiO2 
 
CuInS2  
  
- Al2O3 and 
In2S3 buffer 
layer 
18 490 0.44 4.0 2005 45 
FTO/ TiO2/ 
Al2O3 
/In2S3/ 
CuInS2/Au 
TiO2 
 
CuInS2  
  
- Al2O3 and 
In2S3 buffer 
layer 
17.5 400 0.41 2.9 2005 46 
FTO/ TiO2/ 
CdTe/ Au 
TiO2 CdTe - - 8.9 670 0.22 1.3 2003 47 
FTO/ TiO2/ 
CdHgTe/ Au 
TiO2 CdHgTe - - 9.0 650 - - 2003 48 
FTO/ TiO2/ 
In(OH)xSy/ 
CuInS2/Au 
TiO2  
 
CuInS2 - Inx(OH)ySz 
buffer layer 
2.5 450 0.32 0.35 2003 49 
TCO/ TiO2/ 
CdTe/ Au 
TiO2 CdTe - - 8.7 670 0.2 1.17 2001 50 
FTO/ TiO2/ 
Se/ CuSCN/ 
Au 
TiO2 
 
Se CuSCN - 3.0 
(800 
Wm-2) 
600 - 0.13 1998 51* 
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1.3  Advantages and Disadvantages of ETA Solar Cells based on 
Nanocrystalline Materials 
Advantages: 
1. Material costs are relatively smaller in ETA solar cells. 
2. Reducing the thickness of the absorber is expected to increase the efficiency of 
the cells.  This effect is a result of reducing the length the photogenerated 
electrons and holes are required to travel in the absorber before they are 
separated in to the n and p-type semiconducting layers respectively.  
Consequently the probability of charge carrier recombination is reduced and the 
power output is increased. 
3. Compared to crystalline silicon where manufacturing temperatures in excess of 
1400°C are required, ETA cells only require comparatively mild production 
conditions, with temperatures ranging from 450 - 600°C. This will reduce the 
production cost as well as the carbon footprint. 
4. The production of silicon solar panels requires at least four different production 
lines. These include the processing of sand to high purity sand, conversion of 
high purity sand to crystalline silicon wafers, processing silicon wafers to solar 
cells, and finally the production of solar panels. Whereas solar panels based on 
ETA cells will require fewer production lines, drastically reducing capital costs. 
5. The techniques used to fabricate these cells are easily scalable. 
6. A crystalline silicon PV device will generally be around 150-300 μm thick, 
whereas an ETA cell will typically be around 1-3 μm thick. Therefore the weight 
of the finished ETA cell module will be much lighter than a module made from 
silicon solar cells. Consequently the solar cell module from ETA solar cells will be 
much easier to mount on roofs. 
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Disadvantages: 
1. The nanostructured metal oxide required by the ETA solar cell can create 
problems as it does not completely cover the substrate surface. Consequently 
“pin holes” or defects in the material will lead to short circuiting due to electrical 
shunting issues in the cell. Therefore many cells require an additional barrier 
layer made from a compact layer of the metal oxide on the TCO.45  
2. The ETA cell has a higher internal surface area than a silicon cell. Consequently 
the effect of surface defects will be more pronounced in the ETA cell. This may 
lower the efficiencies of the cells. 
3. Contamination of the metal oxide films by metal cations can create charge carrier 
recombination centres on the surface of the nanoparticles. As a result the 
efficiency of the cell will be reduced. Therefore equipment made from plastic, 
titanium or glass needs to be used during the production of the metal oxide 
films.52  
4. As thin layers of materials are used, the stability, and the lifetime of the devices 
can be affected by interactions and chemical changes at the interfaces. Therefore 
interfaces may require additional layers and treatments during the 
manufacturing process. For example the insertion of a thin layer of Al2O3 
between the metal oxide and the absorber layer can prevent the oxide from 
being sulfurised if a metal sulfide is used as the absorber. In addition the Al2O3 
can reduce charge carrier recombination by providing a tunnel barrier which 
allows electrons to tunnel from the absorber to the metal oxide, while preventing 
electrons passing back from the oxide to the absorber. As a result interfacial 
charge carrier recombination is reduced.46 
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1.4  Scope of Thesis 
 The scope of this thesis was to design, fabricate and measure ETA solar cells. As 
mentioned previously in section 1.2, the ETA cell consists of three main segments; (1) a 
highly porous network fabricated from a wide bandgap n-type semiconductor, (2) and 
extremely thin light harvesting (absorber layer) and (3) a p-type material for hole 
conduction.  The main concept behind the ETA solar cell is to decrease the absorber 
thickness to only a few hundred nano meters, to reduce the length of time the charge 
carriers are present in the material. Hence reducing charge carrier recombination. 
However an efficient solar cell works by absorbing a large amount of the solar 
spectrum. Therefore reducing the thickness of the absorber will also reduce the amount 
of light harvested and hence diminish the efficiency of the device. To counteract this 
problem, the absorber is conformally coated over a high interconnecting network of 
nano sized particles. As a result the probability of light absorption and charge carrier 
generation is increased by the light passing through many layers of the extremely thin 
absorber before arriving at the back electrical contact. The p-type material is required 
to penetrate the porous network to provide efficient hole transport. As a result an n-i-p 
type structure (see section 2.2.2 for more information) is observed along the entire 
interface, where ‘i' is actually the absorber instead of an intrinsic material. 
 Due to the importance of the metal oxide electrode to provide the high internal 
surface area in the ETA cell, the highly porous network was thoroughly investigated. 
Initially sol-gel techniques were used to deposit a layer of metal oxide 
nanoparticles.46,49,51 This layer is then sintered to improve electrical connectivity within 
the film, and from the film to the substrate. Typically this method leaves pin holes 
where the substrate is exposed to the absorber and hole conducting medium. As a result 
it is very common for a separate and highly compact layer of the same metal oxide to be 
used as a barrier layer between the substrate and the porous network.45,47 
Consequently development of two-step single processes such as spray pyrolysis46,49,51 
that will deposit the barrier layer at the same time have been investigated.  
 Following the fabrication of the porous network, the absorber layer was carefully 
studied. This layer is required to conformally cover the porous electrode. However 
practically this is a very difficult goal to achieve as the material must coat the surface of 
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the particles while avoiding blocking any pores. As a consequence, wet chemical 
techniques such as chemical bath deposition32,38,39,41 and electrochemical 
deposition43,44,51 have been greatly employed. However crystallite growth at the pore 
necks and pore filling are commonly encountered problems, which can lead to the active 
surface area of the completed cell being reduced. This problem has led to changes to the 
porous electrode, with electrodes which still retain their high surface area but have a 
more open structure being employed. For example the use of vertical ZnO rods 
perpendicular to the substrate surface have become more common as they allow easier 
access to the high internal surface area of the electrodes.35,37,44 Consequently gas 
techniques such as spray-ILGAR35,37 and spray pyrolysis29,42 have become more 
widespread. In addition it is very difficult to produce a uniform layer over a surface as it 
is common for the absorber crystallites to continue to grow on certain sites where 
nucleation has already taken place. Deposition of the p-type material faces similar 
challenges of infiltrating the porous network to get a good contact to the absorber layer. 
With all of the materials used it is a challenge to find mutually compatible deposition 
techniques that allow one material to be deposited on another without damaging the 
previous layer. Therefore the aim of this thesis is to overcome these problems to create 
an efficient ETA solar cell which can be easily scaled. 
 Due to the high level of importance of the metal oxide layer, a large section of the 
thesis was focused on the fabrication of the porous metal oxide network. An added 
advantage of the highly structured electrodes is that they are commonly fabricated from 
semiconductor nanoparticles, and can utilise the unique properties related to them. By 
manipulating the particle size, the chemical and physical properties of the materials can 
be controlled. Semiconductor nanoparticles are highly multifunctional, which has led to 
the rapid development of many nanotechnology based applications. In particular the 
miniaturization of metal oxide particles to the nano scale has resulted in major 
developments in gas/chemical sensing,53 photovoltaic,54 electrochromic windows,55 
anti-reflection coatings,56 self-cleaning coatings,57 and photocatalysis58 fields. These 
technologies utilize the high surface to volume ratio of the metal oxide nanoparticles to 
either improve light absorption or catalytic activity. Devices such as the dye sensitized54 
(DSSC) and extremely thin absorber29 (ETA) layer solar cells rely on the nanostructured 
wide bandgap metal oxide particles to increase the internal surface area of the 
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electrode, to improve light harvesting by the absorber by increasing light scattering 
effects and the area by the covered by the absorber. As the performance of the ETA solar 
cell is determined by the light harvesting, charge transport and charge collection 
efficiencies, extensive studies of properties such as light absorbance, internal surface 
area and electron (or hole) lifetime of wide bandgap metal oxide electrodes are 
essential in order to make further advances.59   
The metal oxide anode in ETA solar cells has commonly been made from wide 
bandgap n-type semiconductors, most commonly TiO2 and ZnO (Table 2). However 
within the dye sensitised solar cell (DSSC) category other materials such as Nb2O360 and 
SnO261 have been studied. In addition composite electrodes based on the combination of 
two or more metal oxides have also been extensively studied to enhance the DSSC’s 
performance. The most common combinations of metal oxides include TiO2/MgO,62 
TiO2/Nb2O3,60 ZnO/TiO2,63,64 ZnO/Al2O3,63 SnO2/TiO2,65 and SnO2/ZnO.66,67 The use of 
composite metal oxide anodes is of interest due to their potential to improve the 
photovoltaic properties of the cells by improving electron transport in the electrode and 
hence reducing charge carrier recombination. This thesis focuses on the use of          
(ZnO,SnO2) composite electrodes to produce efficient ETA solar cells. Both ZnO and 
SnO2 are n-type semiconductors with reported bandgap values in the range of 3.20 – 
3.40 eV and 3.60 – 3.80 eV, respectively.68,69 However a drawback of ZnO is the 
materials susceptibility to corrosion under strong acidic and alkaline conditions. 
Coating ZnO with a less reactive metal oxide will protect the ZnO from being destroyed. 
In photovoltaic devices, the optical absorption of the semiconductor(s) plays a critical 
role in the efficiency of the solar cell. The more light the semiconductor absorbs the 
more charge carriers will be generated. Controlling the ratio of the semiconductors 
(with different bandgaps) in the composite electrode, the ability to fine tune the optical 
absorption threshold of the anode becomes possible. Therefore the light absorption 
region can be broadened.70 It has been claimed that these composite materials also have 
the ability to improve charge carrier separation. SnO2 and ZnO are abundant low cost 
materials; as a result the pairing of these materials has been of considerable interest.   
Typically the fabrication of (ZnO,SnO2) composite electrodes involves wet 
chemical techniques such as doctor-blade,71 dip coating,72 solvothermal,73 
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hydrothermal74 and sol-gel.75 To a lesser extent, physical methods such as spray 
pyrolysis76 and electrospinning77 have been used to fabricate these electrodes. However 
one of the drawbacks of many of these techniques is the requirement of multiple 
processing steps, which can be both time consuming and expensive. As a result, 
research has focused on other techniques such as chemical vapour deposition (CVD). 
The process involves volatile precursors reacting or decomposing directly on the 
substrate surface, which in addition to cutting down the fabrication stages can also 
result in improved semiconductor-substrate interfaces. CVD encompasses a wide group 
of methods that can yield high purity semiconductors. Branches of the technique 
include metal organic,78 plasma-enhanced,79 combustion,80 direct liquid injection,81 
atmospheric,82 low pressure83 and ultra-high vacuum84 CVD. Aerosol assisted chemical 
vapor deposition85 (AACVD) is another sub-category of CVD and unlike other CVD 
methods; the precursor is not required to be volatile but simply soluble in low viscous 
solvents.86 Therefore a wide range of precursors are available, resulting in increased 
flexibility of the deposition conditions. Another key feature of the AACVD technique is 
that the solution based precursor allows for easily controlled doping87 of the films as 
well as the fabrication of composite materials.88 Initially the (ZnO,SnO2) electrodes were 
fabricated by spraying suspensions of ZnO and SnO2 nanoparticles on to heated FTO 
substrates following the method by Kumara et al.67 However due to the high ZnO 
content (~50 wt%), the electrodes were found to be unsuitable in many of the wet 
chemical techniques used to deposit the absorber. This was due to the dissolution of 
ZnO at very low (≤ 6) and high (≥ 12) pH’s. This technique also required that a separate 
barrier layer was deposited between the highly porous network and the substrate.  As a 
result, aerosol assisted chemical vapour deposition (AACVD) was chosen to deposit the 
(ZnO,SnO2) electrode. 
It was found that AACVD was a facile and flexible technique to fabricate both 
single phase ZnO and SnO2, as well as composite electrodes of ZnO/SnO2/Zn2SnO4 and 
ZnO/SnO2. The study found that the functional properties of (ZnO,SnO2) electrodes 
could be tailored by tuning both their composite blend and morphology. Therefore the 
effect of composite blend and morphology on the photoelectrochemical properties of 
the composite electrodes were investigated by systematically varying the Zn:Sn ratio in 
the single source precursor solution. Manipulation of the Zn:Sn ratio  in the precursor 
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solution resulted in features such as nanoparticles, nanoplates and nanocolumns in the 
electrode structures. Therefore these electrodes appeared to be suitable for ETA solar 
cells where the efficiency is directly related to the structural, optical and electronic 
properties of the metal oxide electrodes. The highly structured electrodes were found to 
enhance the photoelectrochemical properties of the material. To confirm the suitability 
of these electrodes in ETA cells, the (ZnO,SnO2) electrodes were employed as 
photoanodes in an ETA solar cell configuration.  
 
Figure 3. FTO / (ZnO,SnO2) / In2S3 / PbS / Cgraphite  / FTO ETA solar structure. 
 
 To investigate the suitability of the composite (ZnO,SnO2) anode, devices were 
fabricated based on Bayon et al’s ETA solar cell.41 This device had the following 
configuration: FTO/ TiO2/ In(OH)xSy/ PbS/ PEDOT:PSS/ Au, with In(OH)xSy acting as a 
buffer layer to reduce charge recombination between the TiO2 anode and the PbS 
absorber. These cells were reported to have a Jsc ~7.4 mAcm-2, Voc ~ 0.28 V, FF ~ 0.4 and 
η ~0.83%. ETA cells prepared in this study used (ZnO,SnO2) composite electrodes to 
replace the TiO2 electrodes, and In2S3 to replace the In(OH)xSy buffer layer in Bayon et 
al’s41 ETA solar cells. The structure of the new cell configuration is shown in Figure 3. In 
addition to investigating the composite (ZnO,SnO2) electrodes, the effect of the In2S3 and 
PbS layers on the solar cell performance were investigated. This thesis covers the 
fabrication techniques used to deposit each layer and investigates the role of each layer 
within the ETA solar cell structures.  
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Chapter 2.0  Science of PV Cells 
2.1  Light Source: Solar Radiation vs. Simulated Light 
The principle of photovoltaic energy conversion relies on the conversion of 
photons to electrons. As the extra-terrestrial solar irradiation passes through the earth’s 
atmosphere, light is both scattered and absorbed by gas molecules in the atmosphere 
e.g. O2, O3, N2, H2O, CO2, etc. The effect of these processes results in changes to the solar 
spectrum, with light in the far UV region (λ < 300 nm) being completely absorbed, and 
further large absorptions of light by H2O and CO2 in the infra-red region. The maximum 
irradiance occurs within the visible light region, consequently for a solar cell to work 
effectively, the cell is required to harness all of the light within this region. The change 
in the spectrum depends on the distance the light travels through the atmosphere, and 
can be quantified to the Air Mass (AM) factor. AM0.0 represents extra-terrestrial solar 
irradiation, while AM1.0 refers to light that travels perpendicular to the ground. For 
universal comparison of the photovoltaic parameters, the solar cells are commonly 
measured under AM1.5 light, which is the equivalent of 952 Wm-2 of power.89 However, 
AM1.5 is usually taken to be 1000 Wm-2. Figure 4 shows the spectral irradiance of 
sunlight at AM1.5 conditions. However experimental testing of the solar cells under 
“natural” sunlight (AM1.5) was untenable, therefore the cells were tested using halogen 
and simulated (xenon) light. The distance from the cell to the light source was 
controlled so that the integrated irradiation of the light was equivalent to 1000 Wm-2. 
The spectrums of the two light sources are displayed in Figure 4. The halogen light 
differs significantly from the “natural” solar spectrum with less irradiance in the UV and 
infra-red regions, and significantly larger contribution in the visible region. The 
simulated light provided by the xenon lamp demonstrates the closest match to “natural” 
sunlight, with similar irradiation in the UV and visible light regions. In the infra-red 
region the simulated light displays significant spikes in the spectrum. Due to the cost of 
the xenon bulbs, the majority of the solar cells were preliminarily tested with only the 
halogen light source. However better performing solar cells are always tested at well-
equipped and certified laboratories (i.e. NREL, Fraunhofer) and reported with the 
credible test results. 
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Figure 4. Solar spectra of reference AM1.5 spectra from NREL,92 simulated (xenon) light 
and halogen light under AM1.5 conditions. 
 
 In a simple photovoltaic device a single semiconductor is employed. 
Consequently the energy absorbed by the solar cell is limited by the bandgap of the 
semiconductor. The maximum short circuit current density (Jsc) occurs under ideal 
conditions, when each photon absorbed by the cell promotes an electron which is 
transported to the external circuit. To calculate the maximum Jsc, the photon flux (Fph) is 
calculated by dividing the irradiation (I) at each wavelength by the energy of each 
photon at the given wavelength (Equation 1). 
    
 
  
  (1) 
Where h is Planck’s constant and ν is the frequency of the light. By integrating 
the photon flux from the UV to the infra-red region (in this case from 300 to 1100 nm) 
the total number of photons can be calculated. The maximum current can be calculated 
by multiplying the total number of photons by the charge on an electron (q) (Equation 
2).89,90,91  
                     
        
       
   (2) 
Figure 5a displays the maximum Jsc of a solar cell for a single semiconductor with 
respect to the bandgap of the material, for AM1.5 standard spectra taken from NREL 
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(reference AM1.5 light)92, halogen light and simulated light. The figure shows that as the 
bandgap of the semiconductor decreases, the Jsc increases due to increased light 
absorption. These results demonstrate that the maximum possible Jsc from the 
simulated light falling on a solar cell, is highly comparable to the Jsc produced by cells 
illuminated with the reference AM1.5 light. The cells illuminated by halogen light 
display a higher Jsc when a semiconductor with a bandgap smaller than 2.30 eV is 
employed in the cell. This is due to the higher irradiance of the halogen light source in 
the visible light region (Figure 4). When the bandgap of the semiconductor is smaller 
than 1.70 eV, the Jsc no longer increases, as a result of little to no irradiation at 
wavelengths above 800 nm from the halogen light source. The semiconducting 
materials are commonly grown on conducting substrates, one of which is glass coated 
with fluorine doped tin oxide (FTO). Therefore the light will first need to pass through 
the glass and FTO layer before it can be absorbed by the semiconductor. The effect of 
the FTO substrate is a reduction in the solar irradiation reaching the semiconductor. 
The transmission of the FTO substrate was measured by UV-Vis optical absorption, and 
was used to calculate the actual number of photons incident on the solar cell. Due to the 
considerable UV absorption by the FTO substrate, the maximum attainable Jsc was 
significantly diminished (Figure 5b). 
 
Figure 5. (a) Maximum Jsc with respect to the semiconductor bandgap and (b) 
maximum Jsc corrected for the light absorption by a FTO glass substrate. 
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2.2 Junctions and Interfaces in PV Cells 
Solar cells work by absorbing light and generating electron-hole pairs. To create 
a usable electric current, these charges must be instantaneously separated before 
recombination occurs. In crystalline silicon and thin film solar cells the separation of 
these charges is established by a built in electric field within the device. This field is 
most commonly produced by the fabrication of various junctions between metals, 
semiconductors and insulators. However in the case of DSSCs, the charge separation is 
believed to be dominated by electron diffusion.93  
 
2.2.1  Metal-Semiconductor and Metal-Insulator  Semiconductor Solar 
Cells 
A Schottky barrier is created when a metal forms an intimate contact to a n-type 
or p-type semiconductor, and can be found in the majority of solid state cells (Figure 6 a 
and b).89 It is typical for the band diagrams to be drawn with respect to the vacuum 
level near a surface (VL), using the electron affinities and bandgaps of the materials to 
position the conduction and valence bands of the materials. In addition to the vacuum 
level, other scales such as the hydrogen scale have also been used. When considering 
individual isolated materials these bands are typically referred to as “flat bands”. After 
the materials are brought together an electric field forms, due to the differences 
between the metal work function (φm) and the electron affinity of the semiconductor 
(χs). As a result band bending from the highest potential to the lowest occurs at the 
interface to equalise the Fermi Energy Level (Ef) on both sides of the junction creating a 
slope/electric field (dV/dX). This area is typically referred to as the space-charge or 
depletion region, and the voltage “step” created is known as the potential barrier (φb). 
The larger the barrier height (φb) the greater the internal field at the junction, and the 
further the space charge region extends in to the semiconductor. The width of the 
depletion region also depends on the doping concentration of the semiconductor. 
Heavily doped semiconductors create a narrow depletion region, while low doping 
produces a thicker depletion region. 
In the case of an n-type semiconductor the potential barrier, φb is given by: 
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         (3)  
The current density through this junction under dark conditions (Jdark) is given 
by Equation 4:5,89,94  (Where A is the effective Richardson constant). 
             
  
         (4)  
Where        
  
    
      (5)  
 
 
Figure 6. Mott-Schottky energy band diagrams for metal-semiconductor junctions for 
(a) n-type and (b) p-type semiconductors. m = metal work function, s = work 
function of the semiconductor, s = electron affinity of the semiconductor, VL = 
Vacuum Level near a surface and Ef = Fermi Energy Level.89 
 
Under illumination and forward bias the current through the Schottky barrier is 
given by Equation 6. The photogenerated electrons and holes separate in the space 
charge region due to their opposite charges. When V > 0.075 V,   
  
   
 > 1 therefore the 
term, 1 in Equation 5 is negligible. 
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When the system is illuminated and under open circuit conditions (Jlight(V) = 0, V 
= Voc), the Voc can be derived from Equation 6. 
        
  
    
    
    
    
 
    
    
    
    
   
   
 
 
   
   
 
    
   
    
   
   
  
     
   
 
   
   
   
      (7)  
By examining Equation 7, it is clear that the Voc of the device is affected by the 
barrier height (φb). Therefore if φb can be increased, the Voc will also increase, by 
elongating the space charge region.  
The Schottky barrier contacts can typically be described as having either 
rectifying or ohmic behaviour. When the junction is operating as a rectifier under dark 
conditions, a much higher current is allowed in the forward bias, than under reverse 
bias.89 This is due to φb being large and the depletion region being wide; as a result the 
J-V curves show rectifying properties (Figure 7). This is the main property needed for a 
PV cell. However under ohmic conditions φb is small or zero (φm < φs) and the depletion 
region is narrow, consequently the space charge region is very thin. As a result, 
electrons can “tunnel” across the barrier, hence electrons can move easily in both the 
forward and reverse directions. Hence the J-V curves show ohmic properties (V = IR) 
(Figure 7). Both types of contacts are necessary in a good PV cell. 
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Figure 7. J-V curve of a Schottky barrier in the dark under rectifying and ohmic 
conditions. 
Adaptation of the Schottky barrier to increase the barrier height can be 
accomplished by adding a very thin insulating layer between the semiconductor and the 
metal contact to create a metal-insulator-semiconductor (MIS) junction.89 Figure 8 
shows the band diagram of the MIS device. This layer is only a few nano-meters thick, 
and works by increasing the potential barrier height of the device. As a result the 
minority carrier injection efficiency is increased, by the reduction of the majority carrier 
current.89 The insulator can also suppress the undesired chemical reactions and ion 
diffusion occurring at the metal-semiconductor interface, thereby improving the 
lifetime of the device.  
 
Figure 8. Energy band diagram of a metal-insulator-semiconductor (MIS) junction.89 
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2.2.2 p-n and p-i-n Junctions 
One of the most common junctions found in solar cells is the p-n junction. This 
junction was initially discovered by the natural doping of silicon cells in the 1950’s.89 
Semiconductors can be doped either n-type or p-type so that either electrons or holes 
are the majority charge carriers in the material. P-type dopants introduce positive 
charge carriers in to the material. Examples of p-type dopants for silicon include group-
III elements such as B, Al and Ga. These dopants have fewer valence electrons than are 
required to form the four bonds with silicon. As a consequence a valence electron is 
removed from the valence band of silicon, leaving behind a hole (h+). Hence the Fermi 
level shifts towards the valence band of the material. Group-V elements such as N, P and 
As can typically be used as n-type dopants for silicon. After the donor atom forms four 
bonds with the silicon atoms, the dopant retains one excess valence electron. As a result, 
negative charge carriers are introduced in to the material. These electrons are only 
loosely bound to the donor, consequently the donor can easily become ionised at room 
temperature, and the excess electron is “freed”. This increase in negative charge, results 
in the Fermi level shifting up towards the conduction band of the material. To fabricate 
the classic p-n junction, n-type silicon is grown in intimate contact to the p-type 
semiconductor.  
 
Figure 9. Band diagram of (a) p-n and (b) p-i-n junction.89 
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The band diagram for a p-n junction is shown in Figure 9a. In this case the work 
function of the p-type material is greater than the n-type material (φp > φn). Due to the 
difference in the concentration of electrons and holes on either side of the interface, 
diffusion of the charge carriers occurs across the interface.  This leads to a build-up of 
charged dopants on either side of the junction. This area is commonly referred to as the 
depletion or diffusion or space charge region.95 The difference in the electrostatic 
potential on either side of the junction, results in band bending at the p-n interface due 
to the formation of an electric field (dV/dX). Due to the opposite charges of the 
electrons and holes, the electric field causes the photogenerated charge carriers to be 
separated when the p-n junction is used as a solar cell.89 In the bulk of the material the 
electric field is zero, consequently photogenerated electron-hole pairs created in the 
bulk have no means for separation, and will eventually recombine. Only the charges 
generated in or close to the space charge region can be separated, as the charges are 
able to diffuse into this region. 
The p-n junction may also be fabricated using two different semiconductors. As a 
result the p- and n-type materials can have different bandgaps as well as other differing 
properties. An advantage of such a device is that light may be more efficiently absorbed, 
as it makes use of two different energy bandgaps. The use of two different materials to 
create an interface is called a hetero-junction. The p-i-n junction is a further extension 
of the p-n junction. The band diagram of such junction can be seen in Figure 9b. In this 
case an intrinsic material (an undoped and pure semiconductor), with a Fermi level 
exactly half way between the valence and the conduction bands of the material is 
inserted in to the interface. An advantage of the junction having this configuration is to 
increase the width of the space charge region. However in this case all photogenerated 
charge carrier creation occurs within the intrinsic material. As a result the 
semiconductor must be carefully fabricated to avoid impurities. The material must also 
be carefully selected to avoid semiconductors which may increase series resistance and 
lower conductivity.89  
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2.2.3  Photoelectrochemical (PEC) Cells 
The PEC cell is a Schottky barrier with a semiconductor–liquid interface. The 
liquid commonly contains a redox couple or a hole/electron scavenger to provide 
charge transport across the medium. The difference in work function of the 
semiconductor and liquid results in charge transfer across this interface until the Fermi 
levels in the semiconductor and liquid equalise. Consequently a space charge layer is 
created at the semiconductor interface. As a result of this electric field the 
semiconductor surface will either be positively or negatively charged depending on 
whether the material is p or n-type. Therefore a Helmholtz layer of oppositely charged 
ions is created close to the interface to balance the charges at the interface.89 Beyond 
the Helmholtz layer, the concentration of ions varies until the ion concentration equals 
the concentration in the bulk of the liquid. In PEC cells semiconductors may undergo 
oxidative dissolution. As a result the lifetime of the electrode is reduced. This is why a 
hole/electron scavenger is often used in these cells to prevent the destruction of the 
photoanode/cathode. In a typical PEC cell, a working, counter and reference electrode 
are used. The semiconductor is the working electrode and can act as either the anode or 
cathode depending on the p-/n-type behaviour of the material. An inert metal such as 
platinum is commonly used as the counter electrode. This type of junction is found in 
DSSC’s, and can also be used as a characterization method to test the electrical 
conductivity of semiconductors.89 
 
2.2.4  Dye Sensitised Solar Cells 
The dye sensitised solar cell (DSSC) emerged in the early 1990’s with efficiencies 
exceeding 10%. The cell uses a dye to harvest light and generate electrical charge 
carriers.96  The dye is typically coated as a monolayer over a nanostructured metal 
oxide on a conducting substrate. TiO2 is the most common material used in the DSSC; 
this metal oxide layer typically has a high surface area to volume ratio, thereby creating 
a large interface for light absorption.  A redox electrolyte and an inert metal counter 
electrode complete the device. Upon illumination the dye absorbs the light, leading to 
excitation of an electron from the HOMO to the LUMO level. The selected dye is 
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specifically chosen so that the LUMO level is above the conduction band of the metal 
oxide.  As a result the electrons can be injected from the LUMO level of the dye in to the 
conduction band of the metal oxide.97 The electrons are transported through this layer 
to the external circuit by electron diffusion and re-enter the cell at the counter 
electrode. The oxidised dye is regenerated by the reduced species of the redox couple. 
This process completes the charge cycle within the cell, creating a useful power in the 
external circuit. The DSSC diverged from traditional solar cells by generating the 
charges in the dye layer, and then using the metal oxide substrate for charge 
transport.96 The intention is to minimise charge carrier recombination by having charge 
generation and transport occurring in adjacent materials. 
2.2.5  Organic Solar Cells 
Organic materials such as polymers are a new frontier in solar cell fabrication. 
When organic materials are used, the photogenerated electron-hole pairs are not 
automatically separated as a result of coulombic interactions within the material.89 This 
bound charge carrier pair is commonly called an exciton. Excitons can diffuse through 
the material, but will only separate on contact with a material with a different work 
function. However, the diffusion length of the exciton is very small; consequently it is 
common for recombination to occur before separation. Subsequently, organic cells 
combat this problem by blending two materials with different work functions together, 
so that excitons are separated at the multiple interfaces.89 As a result of the excitonic 
behaviour second generation solar cells, can be split in to two sub-categories depending 
on charge carrier formation; conventional or excitonic solar cells.98 Excitonic solar cells 
include dye sensitised solar cells, where the exciton formed in the dye is split by the 
difference in work function at the nanocrystalline semiconductor surface. 
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2.3  Solar Cell Characterization 
The characteristics of PV cells are typically described in terms of the open circuit 
voltage (Voc), short circuit current density (Jsc), fill factor (FF), and efficiency (η). The 
input power, Pin of a solar cell is taken as the amount of energy used to illuminate the 
cell. It is standard practice is to use an illumination power of 1000 Wm-2 (AM1.5). The 
Voc and Jsc are important characteristics of the solar cell as they represent the maximum 
limits of the cell. Figure 10 shows the current density-voltage (J-V) plot for a solar cell as 
the applied bias is increased. In most solid state cells, the “mirror” of the curve is 
typically shown with the Voc being shown on the positive side of the x-axis; but this 
depends on sign convention.  
 
Figure 10. Current density-voltage (J-V) curve of a solar cell, displaying the main 
characteristics of a solar cell. 
 
For a solar cell the forward bias quadrant provides a large amount of 
information regarding the performance of the cell. By calculating the power output of 
the cell (P=JV), the maximum power point (Pm) can be found, this gives the operating 
current (Jm) and voltage (Vm) for the cell. By using the above four parameters (Voc, Jsc, 
Vm, Jm) the fill factor (FF) for the device may be found (Equation 8). The FF (also known 
Forward Bias Reverse Bias 
FF 
Jsc 
Voc Vm 
Jm 
J 
V 
Pm 
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as the curve factor) is the ratio of the operating power to the theoretical maximum 
power (i.e. the amount of useful energy extracted from the solar cell). 
                
    
      
  (8)  
The fill factor in turn can be related to the overall efficiency of the device; 
              
        
        
 
    
   
 
        
   
  (9)  
When the solar cell is illuminated and not connected to a load (i.e. in open 
circuit), the potential across the cell is referred to as the open circuit voltage (Voc). The 
Voc of an ideal diode is defined below (Equation 10):89 
    
   
 
    
   
  
      (10)   
 Where Jo is the saturation current density, kB is the Boltzmann’s constant, T is the 
temperature in Kelvin, and q is the elementary charge. Consequently the Voc is directly 
affected by the ratio of Jsc to Jo. Hence, the larger this ratio is, the higher the Voc of the 
cell. Figure 11 shows the origin of Voc within the ETA solar cell.  In the dark, the cell is 
under equilibrium and the Fermi energy level is equal across the cell. The band 
alignment of the n-type metal oxide and the p-type semiconductor provide an electrical 
field across the absorber layer. As a consequence charge carriers, electrons and holes 
generated in the absorber upon illumination are separated in to the adjacent metal 
oxide and hole conducting layer, respectively. As a result the Fermi energy level rises on 
the n-type semiconductor side and lowers on the p-type semiconductor side. 
After the terminals are connected without a load, the maximum current output 
from the cell is known as the short circuit current density (Jsc).89 In an ideal diode the 
net current density is defined as:89 
                               
 
  
   
 
    (11)  
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Figure 11. Band diagram for an ETA solar cell with a n-i-p structure.99 In this 
configuration the absorber layer is defined as an extremely thin layer sandwiched 
between the n- and p- type layers. 
 
Solar cells are rarely ideal, and are commonly affected by parasitic resistances; 
series (Rs) and shunt (Rsh) resistance. Figure 12 shows the equivalent circuits for an 
ideal and non-ideal solar cell.89 The equivalent circuit shown in Figure 12b reflects the 
basic silicon or thin film solar cells when parasitic resistances are incorporated. 
However cells such as the DSSC do not fit the basic diode model due to the addition of 
charge transport resistance due to slow electron transport. The slow electron transport 
Key: 
n-type metal oxide       CB – Conduction Band      qEn, qEp – Quasi-Fermi Energy Level 
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is a result of electron diffusion through the highly porous network. In addition the 
multiple semiconductor and liquid interfaces can complicate the circuit. Therefore the 
Transmission Line Model introduced by Bisquert et al100 was created to describe the 
effect of electron diffusion and electrolyte in these cells. ETA solar cells on the other 
hand can be simplified to p-i-n solar cells; consequently the equivalent circuit in Figure 
12b can be applied to these cells.  
 
Figure 12. Equivalent circuits for a solar cell (a) without and (b) with parasitic 
resistances.89 
 
To consider the effects of the series and shunt resistance on the solar cell, the 
effects of these resistances on the fill factor (FF) will be considered first, as the fill factor 
determines the output power of the cell.  
Figure 13 shows a close up of the first quadrant of the J-V curve displayed in 
Figure 10. Equation 12 shows the maximum power output from the cell, when it is affected 
by both the series and the shunt resistance.
101
  
  
                    (12)  
Where Pm’ is the maximum power output from the device, Pm is the maximum power 
output when there is no loss due to parasitic resistances, PRs is the power lost due to series 
resistance, PRsh is the power lost due to shunt resistance. When only series resistance affects 
the cell, the maximum power output is as follows: 
  
                              
  
  
         
  
  
     (13) 
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P a g e  | 47 
 
 As the characteristic resistance of a solar cell is defined in the following 
equation:101  
    
   
   
            (14) 
 Therefore the maximum power output can be written in terms of the 
characteristic resistance of the cell. 
  
       
  
   
    (15) 
 
 
Figure 13. J-V curve showing the main parameters and characteristic resistance of a 
solar cell,  
 
 When only the shunt resistance affects the cell, the maximum power output is 
affected as follows: 
  
                  
  
   
         
  
  
          
  
  
         (16) 
Equation 16 can be defined in terms of the characteristic resistance: 
  
       
   
   
     (17) 
As             and   
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The effect of series and shunt resistance on the FF can be determined by 
assuming that the Jsc and Voc (Jsc = Jsc’ and Voc = Voc’) of the cells are not affected by the 
series resistance: 
         
  
   
      (18) 
         
   
   
    (19) 
Equations 18 and 19 are limited to Rs ≤ Rch and Rsh ≥ Rch, respectively. However, 
these results demonstrate that the larger the series resistance, the smaller the fill factor and the 
overall efficiency of the cell. Therefore for an efficient device, the series resistance needs to 
be as small as possible (Rs → 0). In the case of the shunt resistance, this parasitic resistance is 
required to be as large as possible (Rsh → ∞) to increase the efficiency of the device. The 
analysis above was based on the parasitic resistances not affecting the Jsc or Voc of the cell. 
However, in reality this is not the case and the series resistance can cause a potential drop, 
VR across the cell (Equation 20) which will result in drop in the Jsc and Voc of the cell. 
                   (20) 
Once parasitic resistances are considered, the maximum current from the cell is 
given by Equation 21, where JR is the current lost due to parasitic resistances. 
                                 (21)   
   
  
   
 
       
   
       (22) 
Therefore the diode equation (Equation 9) can be re-written as Equation 23, to 
include the parasitic resistances. This equation demonstrates that a higher series 
resistance in the cell will lead to an increased dark current, Jo, which will reduce the 
amount of current obtained from the cell. Therefore the series resistance in the cell 
needs to be reduced by decreasing the number of defects to reduce charge carrier 
recombination, and by improving the conductivity of the materials. By reducing the 
“leakage current” of the cell, the shunt resistance can be increased, thereby increasing 
the current output from the cell. 
                                  
          
        
       
   
           (23) 
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Equation 23 includes the ideality factor (n), which takes in to account the 
dependence of the dark current on the bias voltage in non-ideal diodes. When n is equal 
to 1.00 the cell is dominated by thermionic emission, as in the case of an ideal diode. 
However when n is equal 2.00, the cell is considered to be an non-ideal diode due to a 
large degree of charge carrier recombination processes.89 A large series resistance (Rs) 
results in the gradual drop in the Voc and Jsc, while a small shunt resistance (Rsh) leads to 
a significant decrease to the Voc. Figure 14 displays the effect of Rs and Rsh on the J-V 
curve of a solar cell.  
The Rs is a combination of the resistance to current flow within the circuit and 
device. In the electrical circuit the connections can cause the Rs to increase, while in the 
device the resistance can be increased due to the material and the metal-semiconductor 
contacts.89 Therefore making good electrical contacts to the cell is highly important. If 
the materials in the cell have a low resistance, the material is highly doped, while low 
doped materials have a large resistance. Ideally the materials, need to be moderately 
doped (~1015-1017 donors/cm-2) to increase conductivity, without increasing 
recombination due to tunnelling as a result of defect levels introduced by the dopant.89 
Commonly, the buffer and absorber layers have been treated after deposition to remove 
impurities, such as metal oxides and hydroxides from their surface. This leads to better 
electrical contact with the next layer and a reduction in the cells series resistance. 
Various wet chemical, gas, and photoelectrochemical methods have been used to 
improve the electrical contacts between adjacent layers. Wet chemical methods involve 
soaking the film in a solution for a period of time to remove metal-hydroxide 
precipitates from the surface. Examples of solutions used include aqueous solutions of 
KSCN (5%) and KOH (0.5%)102 and NH3:H2O (2.5%)103 have been used. While gas 
methods, involve heating the films while passing a gas, such as sulphur or hydrogen 
over the surface to passivate vacancies in the film.104,107 Photochemical etching on the 
other hand involves using an illuminated electrochemical cell. In this case the charge 
carriers at surface of the electrode cause an oxide layer to be formed, which is then 
removed by an etching solution, which is controlled by the applied current density.104 
Aqueous etching solutions and light sources include I2:KI:HCl and a tungsten-halogen 
lamp, FeCl3 and a He-Ne laser and 2M H2SO4 and a tungsten halogen lamp.104  
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The Rsh is affected by charge carrier recombination, and short circuiting within the 
device. To reduce short circuiting, the fabrication process needs to be refined by improving 
the coverage of each layer over the previous layer, and plugging pin holes in the metal oxide 
layer to prevent direct contact between the p-type layer and the FTO substrate. In porous 
TiO2 layers pin holes have been removed by soaking the porous layer in TiCl4 solution and 
then re-sintering the layer to form TiO2.
105
 However this treatment may also block the 
openings to the pores and reduce the active surface area of the cell. 
       
Figure 14. The effect of Rs and Rsh on the J-V curve under illumination. The J-V curves 
were constructed from diode equation including parasitic resistance (Equation 23).  (a) 
Effect of Rs (Rsh = 10 kΩcm2) and (b) Effect of Rsh (Rs = 0 kΩcm2).  (In both cases n = 
2.00). 
 
Defects within the bulk of the materials can be reduced by annealing these layers. 
This has already been studied to a certain extent within this report, although further 
refinement of the annealing process should lead to an increased Rsh. While charge carrier 
recombination is due to defects within the bulk of the device, the cell also experiences 
increased surface recombination due to the large internal surface area of ETA solar cells. 
Methods for reducing surface recombination include forming a thin core-shell over the 
porous metal oxide surface. This core shell is typically formed from a different metal oxide to 
the porous electrode.
106
 For example a thin layer of ZnO may be coated over SnO2 particles. 
As a result electrons that are injected from the absorber in to the ZnO layer are then able to 
diffuse in to the SnO2 conduction band. Due to the energy difference between the conduction 
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bands of the two metal oxides, it is energetically unfavourable for the charge carriers to pass 
back in to the ZnO layer. As a result charge carrier recombination and hence Rsh is reduced. 
Previous studies on depositing a core-shell structure over the surface of TiO2 films have 
involved dipping the films in to a metal precursor, and then oxidising the films. Most 
commonly Al2O3, In2O3, ZrO2 have been used due to their large bandgaps, and energy band 
positions.
106,107
  
 
2.4  ETA Solar Cell Structure  
2.4.1  Influence of Internal Surface Area 
As discussed previously, the ETA solar cell relies on the concept of decreasing 
the absorber thickness to reduce recombination.  Favourable conditions for enhanced 
optical absorption and charge carrier separation are accomplished by increasing the 
internal surface area of the cell through the deposition of a porous metal oxide layer. 
This layer can increase the internal surface area of the cell by factors ranging from      
80-140. In the conventional p-n solar cell, the following criteria must apply for the cell 
to operate efficiently:108  
1. The charge carrier collection length (Lc) must be larger than or equal to 
the absorber thickness (t).  
       (24) 
2. For efficient light absorption by the absorber layer, the thickness (t) is 
required to be greater than or equal to the inverse of the light 
absorption coefficient (α). 
       (25) 
3. Therefore the charge carrier collection length can be related to the 
absorption coefficient of the material by Equation 26.  
  
 
                    (26) 
The charge carrier collection length is diminished by low charge carrier 
motilities and lifetimes. Therefore the absorber must be made from a very good 
electronic grade semiconductor. However in the case of the ETA solar cell, not all these 
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criteria need to be met. In this case the absorber thickness does not need to be large 
enough to absorb all of the light. Therefore, 
1t  is relaxed.108 Although 1
t
Lc , still 
applies for efficient light absorption, the thickness of the absorber can be decreased, to 
allow lower electronic grade semiconductors to be employed. Figure 15 shows two 
simplified cases for the ETA solar cell. These cases assume that absorber forms a 
conformal layer on the surface of the metal oxide. 
 
 
Figure 15. Schematic representation of the cross section and surface view of two 
simplified ETA cell structures. (a, c) Case 1 - Folded Structure and (b, d) Case 2 - 
Ordered Nanorod Structure.  
 
Case 1: The cross-section of the metal oxide particles forms a cross like 
structure, which forms a folded structure along its axis.  As a result light travels through 
a number of interfaces (N) of absorber with thickness (t). As a result the cell can be 
considered as N number of solar cells connected in parallel. Therefore the total 
thickness of the absorber is divided up in to N number of interfaces. 
Case 2: The ordered nanorod metal oxide particles provide a large internal 
surface area for the absorber to cover. However in this case, the number of interfaces 
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(N) that the light travels through is reduced. Therefore the cell relies on any unabsorbed 
light being scattered back into the active area and being absorbed at another interface, 
due to the nano-sized particles providing reflective surfaces in the device. 
In the instance of case 2, where the cell has a number of interfaces connected in 
parallel, the total absorber thickness of the device can be divided up amongst the 
number of interfaces. As a result the total absorber thickness, ttotal of the device can be 
divided up amongst N number of interfaces. Hence Ntt total   and 1
total
c
t
L
. 
 For example in the case of bulk PbS the absorption coefficient is given as           
105 cm-1,109 and ttotal = 10 μm. Therefore if the ETA solar cell structure follows case 2 
with multiple interfaces, N, the thickness, t of the absorber layer at each interface is 
reduced from 10 μm when N = 1, to 0.2 μm when N = 50. Hence the cell follows the ETA 
solar cell criteria of an “extremely thin absorber layer”. 
 For the absorber to coat the large internal surface area, the porosity of the metal 
oxide layer must be sufficient for the absorber to penetrate this layer during deposition. 
The following calculations estimate the porosity and surface area of the metal oxide 
layers illustrated in Figure 15. The calculations below assume that the metal oxide layer 
is approximately 0.01 m   0.01 m in size, with a thickness, h of 2 μm, and a particle 
cross section, d of 100 nm. 
Case 1: Folded Structure. The volume of an individual cross shaped nanorod 
(with 3 groves of equal dimensions in the sides), Vcr: 
     
   
 
 
    
  
  
   
 
 
    
 
 
               (27) 
The surface area of an individual cross shaped nanorod, S.Acr is given by 
Equation 28. 
     
  
 
                (28) 
Case 2: Ordered structure. The volume of an individual cylindrical nanorod, Vcy: 
       
 
 
 
 
  
 
 
                    (29) 
The surface area of an individual cylindrical nanorod, SAcy: 
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                  (30) 
The porosity, Φ of the metal oxide layer is given by: 
  
  
      
 
         
      
   (31) 
Where Vn is the volume occupied by nanoparticles, Vv is the volume of void space, 
and Vtotal is the total volume occupied by the metal oxide layer. The porosity of the metal 
oxide layer made by the cross shaped nanoparticles (case 1) is 45%. While the porosity 
of the oxide layer fabricated from cylindrical nanoparticles (case 2) is 20%. The total 
surface area of the metal oxide layer is given by Equation 32. 
    
   
  
    (32) 
Where SAL is the surface area of the metal oxide layer, SAn is the surface area of 
the nanoparticle, VL is the volume of the metal oxide layer (210-10 m3), and Vn is the 
volume of the nanoparticle. The surface area, SAL of the metal oxide layer made from 
cross shaped nanoparticles (case 1) is calculated to be 0.014 m2, while the surface area, 
SAL of the layer made of cylindrical nanoparticles (case 2) is calculated to be 0.008 m2. 
The factor (F) by which the total internal surface area of the metal oxide layer increased 
is calculated by Equation 33.  
  
   
  
  (33) 
 Where SA is the surface area of non-porous metal oxide layer (SA = 110-4 m2). 
In case 1, F is 140, while F is 80 for case 2. These results show that case 1, with the 
folded structure increases the internal surface area by 140 times, due to the high 
porosity (45%) of this layer. As a consequence the open nature of this structure makes 
this layer more adaptable for the deposition of the absorber layer, with various spray 
techniques (e.g. spray pyrolysis), in addition to conventional wet chemical methods (e.g. 
chemical bath deposition) being possible. This is important as the active area of the cell 
is highly dependent on the surface coverage, θ of the absorber on the metal oxide 
particles. Consequently, a low surface coverage by the absorber will cut down the 
advantage of the increased surface area provide by the metal oxide electrode.  
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2.4.2  The ETA Solar Cell Band Structure 
Figure 16 shows the band alignment for the FTO/ (ZnO,SnO2)/ In2S3/ PbS/ 
PEDOT:PSS/ Cgraphite/FTO cell, based on values derived from the literature.68,110 For the 
band diagram, the (ZnO,SnO2) layer is assumed to be a ZnO/SnO2 electrode. The energy 
band diagram is based on Anderson’s electron affinity rule, which states that the 
vacuum level on either side of the junction must be aligned. The positions of the 
conduction and valence band were determined from the electron affinity and bandgap 
of each material. In real semiconductor materials, defects such as broken bonds and 
impurities can often arise in the bandgap. If these defect densities are very high in one 
position, these energy states fix the Fermi level at this point. As a result the built-in bias 
calculated using Anderson’s rule will be reduced,89 and consequently the efficiency of 
the cell will be reduced. However, Anderson’s rule is still a useful method in selecting 
the semiconducting materials needed to fabricate the ETA solar cells. Figure 16 is 
constructed in the order that the materials are layered in the cell. Light will first 
encounter the materials on the left hand side of the cell. The structured metal oxide 
layer is required to only transport the photogenerated electrons away from the 
absorber and out of the cell. Therefore the wide bandgap ZnO/SnO2 composite layer is 
suitable in this cell. The mechanism for electron transport through this layer will 
depend on the position of the ZnO particles in relation to the SnO2 particles. For 
example, if ZnO is present on the surface of the SnO2, then the core shell mechanism for 
electron transport may apply. The electrons injected from the buffer/absorber layers in 
to the conduction band of the ZnO diffuse in to the SnO2 conduction band, due to the 
energy difference between the conduction bands of the two metal oxides (Figure 16). 
Once the electrons are injected in to the SnO2 conduction band, they are unable to 
diffuse back to the ZnO particles as the mechanism is energetically unfavourable. This 
results in charge carrier recombination being suppressed.67  
In2S3 has been employed as the buffer layer within this cell, in an attempt to 
suppress charge carrier recombination between the electron transport and the 
absorber layer. The buffer layer is required to be thin enough for electrons to tunnel 
from the absorber to the metal oxide conduction band. The band edges of In2S3 are 
positioned higher and lower than the conduction and valence bands of the PbS layer, 
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respectively. Consequently, charge carrier recombination is expected to be slowed, as 
the back transport of electrons from the metal oxide to the absorber layer becomes 
unfavourable. Although it is not the intention of the buffer layer to generate charge 
carriers within the cell, the bandgap of In2S3 is low enough (2.00 eV) to absorb a 
significant proportion of the solar spectrum. As a result In2S3 has also been used as an 
absorber layer in other ETA solar cell configurations (FTO/ ZnO/ In2S3/ CuSCN/ Au).37  
However, the bandgap of In2S3 can be sufficiently widened by increasing the oxygen 
content. This will most likely to take the form of increased In(OH)3 content in the layer.  
 
 
Figure 16. Band alignment diagram for the FTO / ZnO/SnO2 / In2S3/ PbS/ Cgraphite/ FTO 
ETA solar cell based on reported values in the literature.68,110  
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On examination of the relative positions of the PbS band edges, it would appear 
that the cell should not work. It is well known that electron injection from one 
semiconductor to another is unfavourable when the CB of the “electron injecting” 
material is lower (more positive) than the receiving material.111  The band-alignment 
diagram (Figure 16) shows that the conduction band edge of PbS is lower than that of 
ZnO, as a result electron injection from the absorber to the metal oxide layer would be 
unfavourable. However the band positions for PbS are based on the bandgap of bulk PbS 
(~0.41 eV).39 In this case PbS was deposited using the chemical bath deposition method, 
CBD. Consequently this deposition can lead to the formation of nano-meter sized 
particles, resulting in size-quantisation effects where the properties of the material are 
strongly dependant on particle size.39 In this case a reduction in the particle size, will 
lead to an increase in the bandgap of the PbS, and a negative shift in the conduction 
band edge. Hence electrons can now be injected from the absorber to the In2S3 layer. On 
the other hand an increase in the optical bandgap of the absorber, will lead to a 
reduction in light absorption and a reduction in the photocurrent. However the CBD 
technique will also result in the PbS layer consisting of particles with a large range of 
sizes.  Therefore charge transfer between the PbS particles can result with electrons 
being transported to PbS particles with bulk properties. Consequently the electrons can 
not be injected in to the In2S3 layer and out of the circuit, increasing the probability of 
charge carrier recombination at this interface.  The valence band edge of PbS is 
sufficiently close to the HOMO level of the hole conducting polymer (PEDOT:PSS), to 
allow for the injection of holes from the PbS particles to the polymer layer. The 
electrical contact to the cell was made using graphite coated FTO glass. 
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Chapter 3.0  Material Growth Techniques 
The fabrication of the ETA solar cells requires a number of growth techniques to 
construct the different layers in the cells (Figure 17). To optimise the ETA solar cell the 
various chemical ratios, deposition times and annealing temperatures were varied.  
 
Figure 17. Flow chart of the steps used to fabricate the ETA solar cell. 
 
 
3.1 Aerosol Assisted Chemical Vapour Deposition (AACVD) 
3.1.1 Substrate preparation 
 Fluorinated tin oxide glass (FTO, 8 Ω/square, Pilkington) was selected as the 
substrates for fabrication of the ETA solar cells. These substrates were selected for their 
high transparency for light in the visible region. In addition it is known that the 
conductivity of the FTO is retained at high temperatures, making these substrates 
suitable for high temperature deposition. The FTO was cut in to 1 × 2 cm2 pieces and 
cleaned by sonication in both water and acetone for 5 minutes. Following the initial 
cleaning procedure, the substrates were etched to prevent short-circuiting of the cell at 
the edges of the substrate. The un-etched FTO was protected by masking the area using 
Kapton tape (Warton Metals). The FTO layer was reduced by brushing zinc powder on 
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the surface and was then submerged in 1M hydrochloric acid (HCl). The substrates were 
left in the acid until all of the FTO on the unmasked area was removed. This was verified 
by testing the conductivity of the substrate using a digital volt meter (DVM). The Kapton 
tape was then removed and the FTO substrates were cleaned by sonicating for 15 
minutes in deionised water, propan-2-ol (35°C), acetone (35°C), and ethanol (35°C). 
Substrates not immediately used were stored immersed in ethanol. 
 
3.1.2 Preparation of precursor solution 
ZnO, SnO2 and composite electrodes (ZnO/SnO2 and ZnO/SnO2/Zn2SnO4) were 
fabricated by AACVD using single source precursor solutions.30 The electrodes were 
fabricated using either zinc acetate or zinc nitrate as the Zn source. Tin (IV) chloride 
was used as the Sn source in all cases. A detailed synthetic procedure for the 
preparation of a 50:50 Zn:Sn mol% ratio precursor solution using zinc acetate was as 
follows; 2.196 g (10 mmol) of zinc acetate (Zn(CH3COO)2.2H2O, 97%, Alfa Aesar) was 
dissolved in 200 ml of methanol placed in an ice bath. This was followed by the addition 
of 3.56 g (40 mmol) of N,N-dimethylaminoethanol (C4H11NO, 99%, ACRŌS Organics) and 
2.62 g (10 mmol) of tin (IV) chloride (SnCl4, 99%, Aldrich). The solution was then 
stirred for 30 minutes prior to the deposition of the films. The preparation of a 50:50 
Zn:Sn mol% precursor solution using zinc nitrate involved replacing the zinc acetate 
with 2.975 g (10 mmol) of zinc nitrate (Zn(NO3)2.6H2O, Fisher), while the remaining 
procedure was unchanged. For clarity, the solutions based on the zinc acetate and zinc 
nitrate precursors will be referred to as precursor (1) and precursor (2) respectively. 
The Zn:Sn ratio in both precursor solutions was varied by changing the amount of Zn 
and Sn source in the precursor solution between 0 ≤ mol% ≤ 100. For easy identification 
the deposited electrodes will be referred to by the Zn:Sn ratio used in the precursor 
solution. 
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3.1.3 Deposition of the Metal Oxide Electrodes by AACVD 
AACVD was used to fabricate the composite electrodes. This technique starts 
with the generation of an aerosol from a precursor solution. As the aerosol nears the 
heated substrate deposition of the final product can occur via a number of 
routes.112,113,114 Figure 18 shows a schematic diagram of the possible deposition 
mechanisms. If the aerosol droplets are deposited directly on the substrate, the 
precursor and solvent will decompose to the product in situ. This process is commonly 
referred to as spray pyrolysis. These films can be highly porous and structured. 
However a drawback of producing films in this method is their susceptibility to high 
levels of impurities. In other routes the solvent may evaporate leading to the formation 
of solid precursor particles. These particles can undergo subsequent chemical reactions 
on-route or directly on the substrate surface to the desired product. Another 
mechanism is the conventional chemical vapour deposition (CVD) process, where both 
the solvent and precursor evaporate prior to reaching the substrate. The vapour-solid 
reaction at the substrate surface will often produce smooth and highly adhesive films.  
The CVD process can also result in rougher films due to the evaporated precursor 
decomposing to particles of the product prior to deposition on the substrate. In practice, 
deposition in AACVD may proceed via a number of these mechanisms, with initial 
particle deposition providing nucleation sites for subsequent particle growth.112,114 
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Figure 18. Schematic diagram of the possible deposition mechanisms in AACVD.112 
 
The metal oxide electrodes were deposited by AACVD on 1 × 2 cm2 edge-etched 
FTO substrates. A schematic diagram of the apparatus used in the deposition of the 
electrodes is shown in Figure 19. In a typical deposition, 30 ml of the precursor solution 
was added to a round-bottomed flask and placed on a piezoelectric transducer to 
generate an aerosol. The solution is topped up to 30 ml after every 15 minutes of 
deposition to keep the solution level the same. Upon the application of a high frequency 
electric field, the transducer vibrates.114,115  The vibrations shatter the surface of the 
solution to create the aerosol droplets.115 Air flow (~500 mlmin-1) forces the aerosol 
into a second flask, where the large droplets fall out of the stream. A secondary flow of 
air (~250 mlmin-1) was mixed with the aerosol and drives the smaller droplets towards 
the substrates. Three FTO substrates were positioned side by side in the deposition 
chamber where the substrates were heated to approximately 380°C.  The aerosol enters 
the chamber perpendicular to the centrally positioned substrate.  As the droplets come 
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closer to the surface of the FTO, the solvent evaporates and the precursor decomposes 
to form metal oxide particles on the surface of the substrate.  In a structure A type ETA 
solar cell the metal oxide layers were deposited on the substrates after 30 minutes. 
 
 
Figure 19. Schematic diagram of the AACVD apparatus. (Not to scale).116 
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3.2  Chemical Bath Deposition (CBD) 
 Chemical bath deposition (CBD) was used to deposit both the buffer (In2S3) and 
absorber (PbS) layers of the ETA solar cell. Wet chemical techniques, such as CBD can 
provide better infiltration of the precursors in to the highly porous metal oxide 
structures than conventional spraying techniques (e.g. spray pyrolysis). CBD has long 
been used to deposit adhesive semiconducting materials (both oxides and 
chalcogenides) for photovoltaic devices. One of the most common materials deposited 
for photovoltaic applications are CdS buffer layers.117,118 The thickness and optical 
properties of CBD layers can be easily controlled by varying the deposition time, 
temperature and pH of the ‘reaction’ solution. The only drawback with this technique is 
that it relies on batch operation, and the disposal of potentially toxic waste. The reaction 
proceeds via the slow release of metal and in this case sulphur ions from soluble 
precursors which react to form the metal sulfide. The product precipitates out of the 
solution, due to the metal sulfide having a low solubility (or being insoluble) in the 
solvent. The reaction will continue until the metal and sulphur precursors have been 
exhausted.119  
The deposition of the semiconducting films can occur via ion by ion, hydroxide 
cluster and complex decomposition mechanisms or a combination of these processes 
(Figure 20).119  In ion by ion growth the solution is supersaturated, and the ions 
(cations: M2+, anions: X2-) diffuse to the substrate surface. The ions are chemisorbed and 
react to form a nucleation centres (MX) on the surface. The crystals grow further by the 
adsorption of further ions in the solution. However in alkaline conditions the metal 
cations can form hydroxide particles. These metal hydroxide particles diffuse the 
substrate and adhere to its surface. The anions in solution react with the MOH2 particles 
to form MS at the surface of the particles. This exchange reaction can proceed in to the 
centre of the particles. However this reaction is limited by the anion concentration in 
the solution. As a result, the core of many of these particles is MOH2, while the outer 
shell is MS. In this process the film will be made up off aggregated MS/MOH2 particles. 
To prevent the formation of MOH2’s, a complex is often added to the solution and film 
deposition occurs via the complex decomposition method. In this case the complex (M-
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X-L) diffuses to the substrate and decomposes to MX on the surface. This mechanism 
also forms a film of aggregated particles.119 
 
 
Figure 20. Schematic representation of the growth mechanisms of CBD films.119 
 
The key to this reaction is to control the rate of precipitation so that an adherent 
layer forms on the substrate, rather than precipitates in the solution. The adherence and 
uniformity of the CBD films has a strong dependence on the substrate surface. Lattice 
mismatch between the substrate and the deposited materials, the number of dangling 
bonds, surface roughness, contamination, wetting properties and dopants are all critical 
on whether a homogeneously adherent, patchy or no film at all is deposited.120  
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Figure 21. Schematic diagram of the apparatus setup for chemical bath deposition 
(CBD) of In2S3 and PbS. 
 
3.2.1  CBD of In2S3 
3.2.1.1 Experimental Procedure 
A thin layer of In2S3 was deposited on the (ZnO,SnO2) composite electrode using 
a slightly modified version of the procedure reported by Bayon et al.121 The setup for 
the deposition is shown in Figure 21. The ‘reaction’ bath for CBD In2S3 contained 
aqueous solutions of 25 ml of 0.025M indium chloride (InCl3, Sigma Aldrich) and 25 ml 
of 0.1M thioacetamide (C2H5NS, Sigma Aldrich). In addition, 2 ml of 1M hydrochloric 
acid (HCl, Fisher) was added to the stirred solution to reduce the pH to below 3. The 
solution was then heated to 80°C, at which point the substrates were vertically lowered 
in to the solution. Throughout the thesis one ETA cell structure with specific depositions 
conditions produced the highest PV performance. This cell will be referred to as 
structure A. To fabricate structure A, the In2S3 deposition was repeated 3 times, and was 
subsequently annealed at 300°C in an argon (~300 mlmin-1) atmosphere for 30 
minutes. Variations in the thickness of the buffer layer were achieved by increasing the 
number of CBD depositions. The effect of annealing on the photovoltaic properties of 
the layer were studied by testing ETA solar cells with as-deposited buffer layers, as well 
as In2S3 layers annealed at 100, 200, 300 and 400°C. 
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3.2.1.2 Growth Mechanism 
In2S3 is known to exist in its α, β and γ polymorphic forms. The α phase is present 
at temperatures below 420°C, while the β form commonly exists  at temperatures below 
754°C, and the γ phase exists at temperatures greater than 754°C. CBD is considered to 
be a low temperature deposition technique, and as such the more stable α and β-In2S3 
phases are commonly detected.122  
 The film growth can occur through a number of mechanisms, including the ion by 
ion (e.g. In3+, S2-) and hydroxide cluster growth, or a combination of these mechanisms 
(Figure 20).119 Ion by ion growth is the simplest mechanism and requires super-
saturation of the reactants near the substrate surface. As the surface is also considered 
to be a catalyst for film growth, an In2S3 film will also be deposited on the walls of the 
beaker. This mechanism has the benefit of little precipitation within the bulk of the 
solution. However, the high positive valency of the indium ions (In3+) means that the 
metal ions are likely to hydrolyse to indium hydroxide (In(OH)3) in aqueous solutions 
unless the conditions are highly acidic (pH < 2). Therefore the growth of the In2S3 films 
on to (ZnO,SnO2) electrodes is most likely to proceed via the hydroxide cluster 
mechanism. Previous studies on depositing In2S3 from similar reactants (InCl3 and 
C2H5NS) have demonstrated that In(OH)xSy compounds are initially deposited before 
being converted to In2S3 during the latter stages of the reaction.123 The equations below 
show the reactions for this deposition; although they do not show the reaction 
pathways.119  
                           (34) 
The acidic conditions of the bath, results in the hydrolysis of thioacetamide, 
forming hydrogen sulfide (H2S).121  
                           (35) 
          
     
     (36) 
The In(OH)3 reacts with HS- in the solution to form indium sulfide.  
            
      
             (37) 
 Typically In2S3 film growth will occur via both the adsorption of In(OH)3 and 
In2S3 particles on the surface. Eventually the reaction will proceed to the point where 
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the small hydroxide and sulfide particles aggregate to form large particles which 
precipitate out of the solution. During the process the solution changes from a clear 
colourless solution to a clear then cloudy yellow solution, as indium sulfide precipitates. 
 
3.2.2  CBD of PbS 
3.2.2.1 Experimental Procedure 
The absorber layer in this cell was made using chemical bath deposited lead 
sulfide (PbS). The apparatus was set up in a similar manner used in the deposition of 
In2S3 (Figure 21). The ‘reaction’ solution involved mixing 2 ml of 1M lead acetate 
(Pb(CH3COO)2), thiourea (CS(NH2)2), and triethanolamine (C6H15NO) with 8 ml of 1M 
sodium hydroxide (NaOH).121,124 The solution was then made up to 40 ml using 
deionised water, and was then gently heated to 45°C while the solution was stirred. The 
electrodes were vertically mounted and lowered in to the solution for 10 minutes. 
During this time, the solution changed from a clear colourless to cloudy dark brown 
solution as PbS was precipitated in to the solution. The thickness and size of the PbS 
particles were altered by varying the deposition time. In cell structure A, as-deposited 
PbS was employed. The effect of annealing temperature of PbS on the ETA solar cell 
preparation were investigated by annealing the electrodes in an argon atmosphere 
(~300°C) at 100, 200, 300 and 400°C for 30 minutes. 
 
3.2.2.2 Growth Mechanism 
 PbS is one of the first semiconductors to be deposited by CBD.119 The original 
reaction involved lead acetate and thiosulphate precursors. However many modern 
reactions have replaced the sulfur source with thiourea. In this case a lead acetate and 
thiourea reaction bath was employed. The equations below show the main reactions 
involved in the solution.119  As with the In2S3 deposition, PbS appears to grow via the 
hydroxide cluster and complex decomposition mechanisms. Triethanolamine was used 
to form complexes with the Pb2+ ions. This process reduces the rate of PbS precipitation 
in the bulk solution.  
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                    (38) 
 
            
                                  (39) 
  
The sodium hydroxide hydrolyses the thiourea to form HS- ions, which react the 
lead hydroxide to form the PbS product.  
 
           
                 (40) 
          
            
    (41) 
 
 The control of light absorption is essential in PV applications; therefore the 
tailoring of the optical bandgap of semiconductor materials is critical. The CBD 
technique has the added advantage of introducing quantum size effects to the PbS layer. 
The crystal size is particularly dependant on the growth mechanism and bath 
temperature. When the particle size of a semiconductor becomes small, the charge 
carriers become confined in the volume.  This results in the conduction and valence 
band becoming wider, hence an increased optical bandgap.119 Typically CBD films will 
be fabricated from PbS nanoparticles with various sizes and hence bandgaps.  
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3.3   Spin Coating of the PEDOT:PSS Layer 
The final layer in the ETA solar cell was the conducting polymer. In this case 
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, high 
conductivity grade: 150 Scm-1, Sigma Aldrich) was spread over the surface of the 
electrode (FTO/(ZnO,SnO2)/In2S3/PbS). Spin coating is commonly used to deposit 
uniformly thin layers of polymer over the surface of a substrate, as the centrifugal force 
can facilitate the penetration of the polymer in to the porous layer, in addition to 
reducing the thickness of the layer. The FTO electrical contact was covered with 
Kaptone tape to protect this area during the deposition process. The sample was rotated 
in a spin coater at 2000 rpm for 60s (Figure 22), and then left to dry. The cell was 
finished by clipping a graphite covered FTO glass over the PEDOT:PSS layer to make an 
ohmic contact from the hole transport layer to the external circuit. 
 
Figure 22. Apparatus setup for the spin coating of PEDOT:PSS on the surface of the 
FTO/(ZnO,SnO2)/In2S3/PbS electrode. 
 
 In the ETA cell denoted as structure A the composite (ZnO,SnO2) was deposited 
by AACVD for 30 minutes from a 50:50 Zn:Sn mol% zinc nitrate and tin (IV) chloride 
solution. The composite layer was then annealed at 400°C in air for 60 minutes before 
The electrode was rotated at 2000 rpm for 60 s. 
Kapton Tape 
Composite ZnxSn1-xOy layer with CBD In2S3 and CBD PbS on the surface 
PEDOT:PSS  
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being coated with the buffer layer. In this cell In2S3 was used as the buffer layer and was 
deposited by CBD 3 times.  Each CBD deposition was for a period of 30 minutes and 
after the final deposition, the ZnxS1-xOy/In2S3 electrode were annealed at 300°C in argon 
for 30 minutes. Structure A also uses an absorber layer of PbS deposited by CBD for 10 
minutes. The cell is finally completed by one layer of spin coated PEDOT:PSS and 
graphite covered FTO glass. Figure 23 shows a schematic diagram of the finished cell. 
 
 
Figure 23. Schematic representation of the finished ETA solar cell. 
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Chapter 4.0  Characterization Techniques 
4.1  Scanning Electron Microscopy and Energy Dispersive X-rays  
Field emission gun scanning electron microscopy (SEM) was used to investigate 
surface topography, particle morphology, as well as cross-sectional thickness of the 
materials. In this case a Leo 1530 VP SEM was used, with an accelerating voltage of 5 kV, 
and a working distance of 6 mm (distance between the operating lens and the sample). 
To produce clear images, the samples are required to be clean, vacuum compatible, as 
well as electrically conductive.125 The semiconductor electrodes fulfil the first two 
criteria, however the third is not achieved. Consequently a thin layer (~20 nm) of gold 
is sputter coated on to the surface of the electrode. The system works by scanning the 
surface of the sample with a focused beam of electrons. The beam of electrons is 
reflected back from the sample, as well as freeing electrons from atoms at the surface to 
a depth of a few nm. Reflected electrons are referred to as back scattered electrons and 
have energies greater than 50 eV.125 The freed electrons are referred to as secondary 
electrons, with energies less than 50 eV.125 Secondary electrons are collected by an 
Everhard-Thornley detector and are converted in to an image of the surface. This image 
provides morphological and thickness information for the sample. The focused electron 
beam is also able to knock out electrons from the inner energy orbitals of an atom. As a 
result, the atom is left in an excited state, however as the atom relaxes an electron from 
a higher energy level may drop in to this orbital. In doing so, the electron releases 
energy in the form of x-rays. These x-rays are unique for each element; allowing 
elemental analysis of the sample to be conducted. This technique is known as energy 
dispersive x-ray (EDX) analysis.126  
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4.2  Atomic Force Microscopy  
Atomic force microscopy (AFM) is another technique that allows the surface 
morphology to be investigated. However, unlike SEM imagining the technique is non-
destructive as it is not necessary for the electrode to be electrically conductive (i.e. no 
coat of sputtered gold is necessary). AFM works by measuring the interactions/forces 
between the surface and the tip of the cantilever. The tip is moved over the surface of 
the electrode by moving the sample with a piezoelectric scanner, while the relative 
position of the cantilever is measured by reflecting a laser beam of the back of the 
cantilever. A position sensitive photodiode detects the reflected light.130,127 Contact and 
tapping modes are the two main modes of operation for AFM imaging. In the contact 
mode the tip is in contact with the surface of the material. The tip is deflected by 
variations in electrode height as well as attractive and repulsive forces on the surface. 
Contact mode can provide a lateral resolution down to 0.2-0.3 nm.127 However this 
method is strongly affected by contaminants (e.g. H2O) on the surface and is not suitable 
for fragile structures and loosely bound materials. In this case the non-contact tapping 
mode is a more suitable technique. In the tapping mode, the cantilever is excited to a 
frequency close to its resonant frequency. As a result the tip moves up and down with 
amplitudes less than 100 nm.127 As the tip comes close to the surface of the material the 
attractive and repulsive forces can change the amplitude, frequency and phase of the 
oscillation. In this mode, the amplitude is kept constant by adjusting the distance from 
tip to surface.130 
 
4.3  X-ray Diffraction  
The Bruker D8 X-ray diffractometer (XRD) operating with monochromatic high-
intensity Cu Kα (λ= 0.1548 nm) radiation, scan rate of 0.008°s-1 and a position sensitive 
detector (PSD) were used to characterise the fabricated materials. Each pattern, like a 
fingerprint is unique for a given material. This non-destructive technique allows for the 
identification of the phase, crystallite size and lattice parameters of the semiconductor. 
However, this method is only available for crystalline and polycrystalline materials due 
to the regular long range arrangement of atoms. Amorphous materials on the other 
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hand only have short range order due to the random arrangement of atoms. 
Consequently no reflections arise for the material.128 
 
Figure 24. The diffraction of X-rays by atoms in the crystalline planes.128 
 
The X-ray source, sample and detector are positioned so that the angle between 
the source and the sample is θ. The position of the X-ray source remains fixed, 
consequently the detector moves by 2α when the sample stage is rotated by an angle α, 
in order to detect the reflected X-rays. The X-ray beam is diffracted by the atoms in the 
different (hkl) crystalline planes in the sample. The strongest reflections of the XRD 
pattern arise due to the constructive interference of the X-ray waves. However, if the    
x-rays are a 180° out of phase, destructive interference occurs and no reflections occur.  
Figure 24 shows the diffraction of the X-ray beam by the crystalline plane. In this 
case the primary X-ray beam has an angle θ with the surface of the sample, and due to 
the set-up of the XRD machine the angle between the crystalline planes and the 
diffracted X-rays is also θ.  The wave fronts of the incident and diffracted X-rays are A’ 
and B’ respectively. Reflections of the crystalline planes are only displayed on the XRD 
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pattern when all the diffracted X-rays in the wave front are in phase. CD and CC’ are 
wave fronts of the primary and diffracted X-rays, respectively. In the crystalline 
structure, CE is the spacing (d) between the (hkl) planes.  The path difference (δ) 
between the X-rays with wavelength (λ) is given by Equation 42. 
                                 (42) 
For the constructive interference of the X-rays the path difference must be equal 
nλ, where n is a whole number.  Therefore, for constructive interference the path 
difference is given by Equation 43, which is also known as Bragg’s Law.128  
              (43) 
 Therefore by measuring the angle θ with a known wavelength, λ, d’ can be 
calculated. Hence the (hkl) crystal planes can be identified and the lattice constants of 
the unit cells can be derived. Detailed analysis of the reflections can also provide 
properties such as grain size and stresses in the crystal lattice. For single crystal 
materials, the reflections are very sharp, intense and thin. Polycrystalline materials with 
crystal sizes smaller than 500 nm display broader reflections. The size of the crystallites 
within the polycrystalline materials can be evaluated from the XRD patterns using the 
Scherrer equation (Equation 44). 
  
  
     
    (44) 
 Where τ is the average crystallite size, λ is the wavelength of the X-rays, β is the 
broadening of the reflection at half the maximum intensity (FWHM) and k is a constant. 
The value of k is typically a value between 0.89 to 1.39 (for cubic crystallites k = 0.94), 
but is commonly taken to be 1. In addition to the polycrystalline nature of the materials, 
the broadening of the reflections is also a result of instrumental effects and lattice strain 
within the sample. Crystalline materials can be categorised as having either a cubic, 
tetragonal, hexagonal, rhombohedral, triclinic, monoclinic or orthorhombic unit cell. 
Table 3 displays the basic crystalline unit cells for the semiconducting materials used in 
the FTO/ ZnO/SnO2 / In2S3/ PbS/ PEDOT:PSS/ Cgraphite/ FTO ETA solar cell. 
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Table 3. Unit cells of the semiconductor materials used in the ETA solar cell. 
Material Unit Cell 
ZnO Hexagonal 
SnO2 Tetragonal 
In2S3 Cubic or Tetragonal 
PbS Cubic 
  
The indexing of the reflections, in addition to the lattice constants of the cubic, 
tetragonal and hexagonal unit cells can be calculated analytically from the 2θ positions 
of the reflections. The lattice constants can be evaluated by combining the crystalline 
plane spacing’s for the unit cell with Bragg’s law equation (Equation 43).128 
 
(1)  Cubic Unit Cell. 
Crystalline plane spacing:     
  
        
       (45) 
Combining Equation 43 and 45:  
 
     
 
 
 
  
        
 
       
 
    
                            (46) 
Where A is a common quotient for cubic XRD patterns, and (h2 + k2 + l2) can be 1, 
2, 3, 4, 5, etc. By dividing sin2θ by the (h2 + k2 + l2) values, A can be derived and the 
lattice constant, a can be calculated from Equation 47. 
  
 
   
    (47) 
 
(2)  Tetragonal Unit Cell. 
Crystalline plane spacing:     
  
     
 
  
  
       (48) 
Combining Equation 43 and 48:  
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                     (49) 
Where A and C are common quotients for tetragonal XRD patterns and (h2 + k2) 
can be 1, 2, 4, 5, 8, etc. By dividing sin2θ by the (h2 + k2) values, A can be derived and the 
lattice constant, a can be calculated from Equation 50. Once A is known, Cl2 can be 
calculated by subtracting sin2θ from A(h2 + k2). As l2 can only be 1, 4, 9, 16, etc, C can be 
found from Equation 51. 
  
 
   
   (50) 
  
 
   
   (51) 
 
(3)  Hexagonal Unit Cell. 
Crystalline plane spacing:      
 
 
 
  
         
  
  
  
       (52) 
Combining Equation 43 and 52:  
 
     
 
 
 
 
 
 
  
         
  
  
  
       
       
  
   
              
  
   
                      (53) 
Where A and C are common quotients for hexagonal XRD patterns and                
(h2 + hk + k2) can be 1, 3, 4, 7, 9, etc. By dividing sin2θ by the (h2 + hk + k2) values, A can 
be derived and the lattice constant, a can be calculated from Equation 54. Once A is 
known, Cl2 can be calculated by subtracting sin2θ from A(h2 + hk + k2). As l2 can only be 
1, 4, 9, 16, etc, C can be found from Equation 55. 
  
 
   
    (54) 
  
 
   
   (55) 
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4.4  UV-Vis Absorption and Diffuse Reflectance Spectroscopy 
Optical absorption measurements were conducted using the dual beam Perkin-
Elmer Lambda 35 UV-Vis spectrometer. The dual beam system allows the absorption of 
the sample to be automatically corrected for the effect of the substrate, as a reference 
(in this case an FTO substrate) is simultaneously measured alongside the sample. The 
light was sourced from tungsten and deuterium lamps to provide light in the 1100 nm 
to 300 nm wavelength range. As a result the absorption of the electrode in the infrared, 
visible and ultra violet region can be determined.  The light passes through a series of 
slits and gratings in the monochromator, before it is split in to two equal beams (i.e. the 
dual beams). Consequently the light that passes to the electrode and reference travels in 
one direction with little light scattering.  As the light travels through the sample, some of 
the light is absorbed by the various layers of the electrode; the FTO substrate and the 
semiconductor. Light transmitted through the electrode is detected by a photodiode, 
which generates “an electrical current proportional to the amount of light absorbed at 
different wavelengths”,129 resulting in an absorption vs. wavelength spectrum. 
 In traditional UV-Vis absorption spectroscopy the bandgap of the semiconductor 
can be easily extracted.  The absorption of a material with a thickness, t can be derived 
from the Beer Lambert’s law; 
     
       (56) 
 Where Io is the light intensity before passing through the electrode, I is the light 
intensity after passing through the electrode, and α is the absorption coefficient. The 
absorption coefficient determines the length the light travels through the material 
before it is absorbed. The smaller the absorption coefficient of the material, the greater 
the transparency of the electrode. The absorbance of the material is the product of the 
absorption coefficient and the thickness of the electrode. 
         (57) 
Therefore the absorbance of the material can be found from the logarithm of the 
ratio of light before and after passing through the electrode. The Perkin-Elmer 
spectrometer reports the absorbance using the logarithm to base 10. 
         
 
  
   or    
   
     
       
 
  
     (58) 
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 In UV-Vis spectroscopy, the light transmitted (T%) through the sample is 
detected by the photodiode. Therefore the transmittance is the ratio of light intensity 
before and after passing through the electrode. 
   
 
  
       (59) 
 Therefore, the absorption of the electrode can be derived from the transmission 
of light, by rearranging Equation 59. 
         
  
   
                (60) 
 For thin film semiconductors where little reflection occurs, Equation 60 provides 
an accurate representation of light absorption. In UV-Vis absorption spectroscopy 
examination of the absorption edge allows the bandgap of the materials to be 
extrapolated. Tauc130 demonstrated that absorption of light decreases to zero when the 
photon energy is smaller than the bandgap of the semiconductor (hν > Eg). The Tauc 
equation, shown below is commonly used to extract the value of the bandgap, Eg. 
              
 
   (61) 
 Where α is the absorption coefficient, h is Planck's constant, ν is the frequency of 
light, C is a constant and n is ½ or 2 for a direct or in-direct semiconductor, respectively. 
Therefore by producing the Tauc plot; (αhν)1/n vs hν, the bandgap can be extracted.130 
However electrodes with high aspect ratio nanostructures increase the light scattering 
effect in the sample, resulting in the system being unable to differentiate between the 
absorbed and reflected light.131 Therefore a more accurate optical absorption threshold 
determination can be found by measuring the diffuse reflectance of the sample. The 
diffuse reflectance spectroscopy of the electrodes were recorded by adapting the dual 
beam Perkin-Elmer Lambda 35 UV-Vis spectrometer with the RSA-PE-20 labsphere. A 
photodiode in the integrating sphere detects the light reflected from the electrode. The 
reflectance was measured as a function of wavelength in the 300-1100 nm range.  
The diffuse reflectance of this sample can be attributed to the polycrystalline 
nature of the electrode, reflecting light at the grain boundaries. The optical absorption 
threshold of the electrodes was estimated by applying the Kubelka-Munk model131 to 
the diffuse reflectance data. The equation for the Kubelka-Munk model is shown below.  
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        (62) 
Where S represents the portion of light scattered per unit of vertical length, K 
represents the portion of light absorbed per unit of vertical length, R∞ is the reflectance 
relative to a standard and F(R∞) is the remission function of the electrode. The Kubelka-
Munk model assumes that the material is infinitely thick, and the thickness and 
surrounding apparatus have no influence on the reflectance.131 The bandgap of single 
phase semiconducting material and the absorption threshold of composite electrodes 
can be evaluated by plotting [F(R∞)hν]2 vs hν for direct bandgap transitions. 
 
4.5  Current-Voltage Measurements 
The photoconductive properties of composite (ZnO,SnO2) electrodes and the 
finished ETA solar cells were studied using current density-voltage (J-V) measurements. 
Steady state J-V curves were measured in the dark and under either 1000 Wm-2 halogen 
light or AM1.5 class A solar simulator light (Solar Light 16S – 300 solar simulator). 
Transient J-V curves were also measured by chopping the light at regular intervals. The 
composite (ZnO,SnO2) electrodes were illuminated from the electrode side and the cells 
were illuminated through the FTO/composite side. The light sources were calibrated by 
a solar pyranometer (Solar Light Co., PMA2144 Class II). A potentiostat (AutoLab, 
PGSTAT12) was used to control the potential of the electrodes and cells.  
The composite electrodes were measured in a 3-electrode photoelectrochemical 
(PEC) cell. The fabricated electrodes, platinum wire, and a Ag/AgCl electrode act as the 
working, counter and reference electrode respectively. Aqueous 0.1M Na2SO4 (pH 6) 
was employed as the electrolyte solution. Semiconductor electrodes in contact with the 
electrolyte formed Schottky type interfaces.  
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4.6  Incident Photon to Electron Conversion Efficiency  
Photocurrent spectroscopy measurements were performed to determine the 
external quantum efficiency (or IPCE) of the semiconductor electrodes and solar cells. 
This measurement provides a quantitative analysis of the efficiency of the material or 
cell to absorb the photons and efficiently generate and collect charge carrier electrons 
(Equation 63). 
     
                             
                                      
     
      
      
      (63) 
 Where I is the current output from the electrode/cell, t is the time, q is the 
electronic charge, P is the power of the light beam and E is the energy of the photon. The 
IPCE of the electrode/cell assumes that all the photons were absorbed in the space 
charge layer. The ETA solar cells were illuminated using a 75 W Xenon lamp connected 
to a monochromator (Bentham, TMc300). Calibration of the system was performed by a 
silicon diode (Bentham) over the 320 to 1100 nm range. The cells were measured using 
a chopping frequency of 11 Hz.  
The composite (ZnO,SnO2) electrodes were measured in the 3-electrode 
photoelectrochemical (PEC) cell described in the J-V section. Calibration of the system 
was performed by a silicon diode (Bentham) over the 320 - 420 nm range. The 
photocurrent spectra of the metal oxide electrodes were recorded at +0.5 V bias and 
were illuminated from the electrode side, using a chopping frequency of 11 Hz. The 
absorbed photon to electron conversion efficiency (APCE) was calculated using raw 
photocurrent data, UV-Vis absorbance and photodiode spectra, to compare the relative 
performance of the composite electrodes. 
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4.7  Impedance Spectroscopy 
Capacitance-voltage (C-V) measurements were performed on the metal oxide 
electrode-liquid junctions in a PEC cell configuration.132 The measurements were 
recorded under dark conditions using the same potentiostat and 3-electrode 
electrochemical cell configuration described in the J-V section above. C-V measurements 
were carried out under dark conditions using a computer-controlled potentiostat 
(AutoLab, PGSTAT12). The amplitude of the AC signal was maintained at 20 mV, while 
the frequency was varied from 10 kHz to 50 Hz. By applying different DC bias close to 
zero bias conditions of the solid/liquid junction, capacitance values were varied. The C-
V results were analysed by constructing conventional Mott-Schotky plots. 
 Impedance spectroscopy measurements were also conducted on the structure A 
type ETA solar cells. The cells were measured under the reverse bias under light (AM1.5 
simulated light) and dark conditions. The amplitude of the AC signal was maintained at 
20 mV, while the frequency was varied from 1 MHz to 10 Hz. Capacitance-voltage, 
resistance-voltage, and electron lifetime-voltage plots were constructed from the data. 
The impedance measurements were also used to model the equivalent circuit of the ETA 
cell. 
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Chapter 5.0  Materials Characterization 
5.1  Composite (ZnO,SnO2) Electrodes 
In this section the growth and characterization of ZnO, SnO2, ZnO/SnO2 and 
ZnO/SnO2/Zn2SnO4 electrodes from a single source precursor solution using AACVD are 
presented. The influence of the type of zinc precursor and the Zn:Sn ratio in the 
precursor solution on the composite blend, morphology, optical and 
photoelectrochemical properties of the electrodes was investigated. The simple 
alteration of the Zn:Sn content of the precursor solution, resulted in the fabrication of 
uniform metal oxide films with a range of composites and morphologies. The “scotch 
tape test” where scotch tape is applied to the electrode surface and pulled off showed 
good adhesion of the layers to the FTO substrate. The uniform appearance of all three 
electrodes fabricated during the same AACVD deposition demonstrates the suitability of 
this technique for scaling up. 
Details on the precursor solutions and composite blends of the resulting 
electrodes are shown in Table 4. In this study in addition to varying the Zn:Sn ratio in 
the precursor solution, the Zn precursor was also changed. The composite electrodes 
were deposited from precursor solutions of  zinc acetate and tin (IV) chloride 
(precursor (1)) or solutions of zinc nitrate and tin (IV) chloride (precursor (2)). Full 
details of the precursors can be found in section 3.1.2. ZnO electrodes were deposited 
when the Zn mol% was ≥ 80% for precursor (1) whereas in the case of precursor (2), 
ZnO was deposited when the Zn mol% ≥ 70 mol%. In both cases the ZnO electrodes 
deposited from 100:0 Zn:Sn mol% were transparent with visible interference patterns. 
The addition of Sn to the precursor solution resulted in the electrodes displaying 
reduced transparency and appearing white. Pure SnO2 electrodes also appeared white 
and were only deposited from 100% SnCl4 solutions (i.e. 0:100 Zn:Sn mol%). Composite 
ZnO/SnO2 were observed for electrodes deposited from both precursor solutions when 
the Zn mol% was low (≤ 50 mol%). The formation of mixed oxide systems of 
ZnO/Zn2SnO4 were observed at 60:40 Zn:Sn mol% for both Zn precursors and only at 
70:30 Zn:Sn mol% for precursor (1).  To investigate the morphology, optical and 
photoelectrochemical properties, the electrodes were investigated by grouping them 
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into four specific groups based on their composite blends. These groups were ZnO, 
ZnO/SnO2/Zn2SnO4, ZnO/SnO2 and SnO2 electrodes. 
 
Table 4.  Zn:Sn mol% in the precursor solution and the crystalline phases of the as-
deposited electrodes detected by XRD characterization. 
Zinc precursor: Tin precursor 
Precursor (1) - Zinc Acetate: Tin (IV) Chloride Precursor (2) -  Zinc Nitrate: Tin (IV) Chloride 
No. Zn mol% Sn mol% Phase in 
XRD 
No. Zn mol% Sn mol% Phase in 
XRD 
A1 100 0 ZnO N1 100 0 ZnO 
A2 90 10 ZnO N2 90 10 ZnO 
A3 80 20 ZnO N3 80 20 ZnO 
A4 70 30 ZnO/ SnO2/ 
Zn2SnO4 
N4 70 30 ZnO 
A5 60 40 ZnO/ SnO2/ 
Zn2SnO4 
N5 60 40 ZnO/SnO2/ 
Zn2SnO4 
A6 50 50 ZnO/SnO2 N6 50 50 ZnO/SnO2 
A7 40 60 ZnO/SnO2 N7 40 60 ZnO/SnO2 
A8 30 70 ZnO/SnO2 N8 30 70 ZnO/SnO2 
A9 20 80 ZnO/SnO2 N9 20 80 ZnO/SnO2 
A10 10 90 ZnO/SnO2 N10 10 90 ZnO/SnO2 
A11 0 100 SnO2 N11 0 100 SnO2 
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5.1.1   Precursor (1): Effect of Zn:Sn Ratio 
This section shows  that the effect of changing the Zn:Sn ratio in the zinc acetate 
and tin (IV) chloride solution on the composite blend, morphological, optical and 
photoelectrochemical performance of the electrodes. 
5.1.1.1 Characterization of the Composite Blend of (ZnO,SnO2) 
Electrodes. 
The phase and crystallinity of the as-deposited metal oxide layers on the FTO 
glass substrate were investigated using XRD. Figure 25 shows the XRD diffractograms of 
selected electrodes deposited from precursor solutions ranging from 100:0 to 60:40 
Zn:Sn mol%. ZnO electrodes were deposited when the Zn content in the precursor was ≥ 
80 mol% (Figure 25b and c).  
In this range (100:0 to 60:40 Zn:Sn mol%), the intensity of all the SnO2 
reflections (●) remained unchanged, implying that no new crystalline SnO2 was formed. 
Therefore the reflections from the crystalline SnO2 correspond only to the FTO coating 
on the glass substrate. In all diffractograms in Figure 25 the SnO2 reflections (●) 
correspond to tetragonal SnO2 [ICDD 01-070-4176]. However, the XRD pattern does not 
rule out the existence of amorphous SnO2 with the electrode. For the 100:0 and 80:20 
Zn:Sn mol% electrodes (Figure 25b and c), the remaining reflections (▲) in both 
patterns were all assigned to hexagonal ZnO [ICDD 01-089-0510]. Strong and weak ZnO 
reflections corresponding to the (100), (002), (101), (102), (110), (103) and (112) 
planes were observed. ZnO is commonly orientated towards to the polar (001) basal 
plane.133 As expected the 100:0 Zn:Sn mol% electrode displays strong orientation 
towards the (002) plane, however the preferred orientation of the electrode was 
towards the high density (101) plane. 
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Figure 25.  X-ray diffraction patterns of (a) FTO glass substrate and as-deposited 
(ZnO,SnO2) on FTO from precursor (1) solutions with Zn:Sn ratios of (b) 100:0, (c) 
80:20 and (d) 60:40 Zn:Sn mol%. The XRD spectra were normalized to (110) SnO2 
reflection at     2θ = 26.65°. 
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With the addition of Sn to the precursor solution at 80:20 Zn:Sn mol%, the 
electrode’s preferential orientation shifted to the (100) crystal plane, and the (002) 
basal plane was suppressed. The reduction to the intensity of the (002) crystal plane 
and degeneracy of the crystallinity along the c-axis can be attributed to the addition of 
Sn to the ZnO crystal lattice. Height et al have concluded that the higher valency of the 
Sn4+ ions compared to the Zn2+ ions results in greater coordination with the 
surrounding O2- ions.134 As a result crystal growth is hindered along the c-axis and the 
intensity of the (002) crystal plane is diminished. The crystallite size of the electrode 
was estimated by using the Scherrer equation (Equation 44).135 The size of the 
crystallite was estimated from the (101) ZnO reflection at 2θ ≈ 36.4° and was found to 
increase from 20.4 to 31.6 nm as the Sn content in the precursor was increased from 0 
to 20 mol% (Figure 25b and c). Analysis of the XRD diffractograms found the lattice 
constants of the 100:0 Zn:Sn mol% electrode to be a = 3.160 Å and c = 5.063 Å with an 
axial ratio (c/a) of 1.602. These values are slightly smaller than the lattice parameters of 
an ideal Wurtzite ZnO crystal (c/a =1.633).133 Addition of Sn to the precursor solution at 
80:20 Zn:Sn mol% also resulted in a slight decrease in the lattice constants with a = 
3.149 Å and c = 5.055  Å and an axial ratio (c/a) of 1.605. Sn4+ ions have a smaller ionic 
radius (rSn4+ = 0.69 Å) than the Zn2+ ions (rZn2+ = 0.74 Å), consequently the substitution of 
the Zn2+ ions by the Sn4+ ions in the crystal lattice, reduces the distance between the 
atomic planes.136 Therefore the shortening of the lattice parameters is an indication of 
the metal ion substitution in the wurtzite structure. 
As the Sn mol% was further increased in the precursor solution, a significant 
change in the composite blend of the electrodes was observed. In the range between 
70:30 and 60:40 of Zn:Sn mol%, ZnO/SnO2/Zn2SnO4 composite electrodes were formed. 
Figure 25d shows the XRD patterns for the 60:40 Zn:Sn mol% electrode. The electrode 
displays a combination of ZnO, Zn2SnO4 and SnO2 reflections. The reflections indexed 
(♦), correspond to cubic Zn2SnO4 [ICDD 00-074-2184]. The electrode displays eight 
strong and weak reflections for Zn2SnO4 which correspond to the (111), (220), (311), 
(222), (422), (511), (440), (531) and the (442) crystal planes respectively. The 
diffractogram displays a preferential orientation to the SnO2 reflection at 2θ ≈ 34.5°, 
while the Zn2SnO4 reflections were strongly orientated to the (311) plane on the 
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shoulder of this reflection as well as the (440) reflection at 2θ ≈ 60.6°. Analysis of the 
XRD pattern found a lattice constant of a = 8.561 Å, which is in good agreement with 
literature reported values for cubic Zn2SnO4.137 
Phase separation became evident in the electrode as the Sn content in the 
precursor was at 50 mol% and above. The electrodes were found to have ZnO/SnO2 
crystalline phases when the Zn:Sn ratio in the precursor ranged from 50:50 to 10:90 
Zn:Sn mol%. Figure 26b and c displays a selection of XRD diffractograms at these ratios. 
The change in the relative intensities of the SnO2 reflections demonstrates that these 
reflections are not merely originating from the crystalline SnO2 coating on the substrate. 
Both the 40:60 and 20:80 Zn:Sn mol% electrodes display seven identical reflections to 
that of the FTO. These reflections correspond to the (110), (101), (200), (211), (220), 
(310) and (301) crystalline planes of tetragonal SnO2. The addition of Zn to the 
precursor solutions, promoted the growth of two further SnO2 reflections; (002) and 
(112) arising at 2θ ≈ 58.0 and 64.9°. The SnO2 reflections at 2θ ≈ 34.0 and 58.0° overlap 
with reflections (■) for hexagonal ZnO [ICDD 00-021-1486]. Due to the very relative 
high intensity of the SnO2 reflections and overlapping of reflections, ZnO reflections 
were not observed in the XRD patterns of the electrodes deposited in the 50:50 to 10:90 
Zn:Sn mol% range. The 40:60 and 20:80 Zn:Sn mol% electrodes displayed a strong 
orientation to the (002) reflection and preferred orientation to the (112) SnO2 
reflection. The tetragonal SnO2 in the 40:60 Zn:Sn mol% electrode was found to have 
lattice parameters of a = 4.756 Å and c = 3.302 Å, while in the 20:80 Zn:Sn mol% 
electrode a =  4.754 Å and c = 3.289 Å. Analysis of the reflection at 2θ ≈ 51.8° using the 
Scherrer equation estimated the SnO2 crystallite size to be 22.8 and 23.2 nm for the 
40:60 and 20:80 Zn:Sn mol% electrodes respectively.  
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Figure 26. X-ray diffraction patterns of (a) FTO glass substrate and as-deposited  
(ZnO,SnO2) on FTO from precursor (1) solutions with Zn:Sn ratios of (b) 40:60, (c) 
20:80 and (d) 0:100 Zn:Sn mol%. The XRD spectra were normalized to (110) SnO2 
reflection at    2θ = 26.65°. 
 
Single phase SnO2 electrodes were only deposited when no Zn precursor was 
present in the precursor solution. XRD of the 0:100 Zn:Sn mol% electrode displays 
identical reflections to the FTO substrate (Figure 26d). This is evidence that the as-
deposited SnO2 grow following the microstructure of the FTO substrate. However the 
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SnO2 coating shows preferred orientation to the (200) plane at 2θ ≈ 37.9°, with a 
crystallite size of 40.4 nm. Analysis of this pattern calculated a lattice parameter of          
a = 4.733 Å and c = 3.291 Å for single phase SnO2. The lattice parameters of SnO2 in the 
single phase SnO2 and ZnO/SnO2 electrodes are very close, and agree with literature 
reported values for SnO2.138 If the larger Zn2+ ions substitute the Sn4+ ions in the crystal 
lattice, the lattice parameters should increase as the Zn content in the precursor 
solution was increased. However, this appears not to be the case for the ZnO/SnO2 
electrodes, which indicate the deposition of homogeneously mixed ZnO and SnO2 
phases in the electrode. 
 
5.1.1.2 Structural Characterization. 
Figure 27 shows selected SEM topographical images of the as-deposited 
electrodes as the Zn:Sn ratio was varied  from 100:0 to 60:40 Zn:Sn mol%. In the AACVD 
process, the aerosol droplets carried in to the deposition chamber can undergo a 
number of different processes. Typically the temperature of the deposition chamber is 
sufficient to evaporate the solvent from the aerosol droplet, while the remaining 
precursor can either adsorb and react on the substrate surface, or can vaporize and 
decompose in the gaseous phase forming nanoparticles which build-up on the substrate 
surface to form the nanostructures (see Figure 18 for AACVD deposition mechanism).  
Electrodes deposited from 100:0 Zn:Sn mol% precursor solutions appear to 
display a structure produced by the formation of ZnO particles prior to deposition on 
the surface.   Figure 27a shows that the ZnO particles, less than 25 nm in width, fused 
together to form a very uniform and highly transparent layer. The particle size of ZnO is 
in good agreement with the crystallite size of 20.4 nm calculated by the Scherrer 
equation and appears to be the source of the XRD peak broadening (Figure 25b). 
Addition of Sn to the precursor solution had a profound effect on the morphology of the 
electrodes. Figure 27b displays the ordered assembly of ZnO particles deposited from 
the 80:20 Zn:Sn mol% precursor solution. XRD analysis of these electrodes indicated 
that the Sn4+ ions had been incorporated in to the ZnO wurtzite structure, which is 
believed to occur during the decomposition of the Zn and Sn precursors. The addition of 
Sn4+ ions in ZnO seems to have resulted in a different nucleation process on the surface 
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of the substrate. This may have altered the morphology of the electrode. The image 
reveals that the ZnO crystallites have fused together to form hexagonal plate-like 
structures. The plates ranging from approximately 400 – 800 nm in length and ~100 nm 
in depth are almost all vertically aligned, forming highly structured films. The face of the 
plates shows the formation of very fine nanoparticles which we attribute to the ZnO 
crystallites that formed during the decomposition process. These electrodes appeared 
white and slightly opaque due to light scattering effects by the nanostructures.   
 
 
Figure 27.  SEM micrographs of as-deposited electrodes from precursor (1) solutions 
with Zn:Sn mol% ratios of (a) 100:0, (b) 80:20, (c) 70:30 and (d) 60:40 Zn:Sn mol%. 
 
Figure 27c and d show the SEM images of ZnO/SnO2/Zn2SnO4 electrodes 
deposited from 70:30 and 60:40 Zn:Sn mol% precursor solutions respectively. We 
believe that during the AACVD process the Zn and Sn precursor react prior to deposition 
on the substrate, forming Zn2SnO4. However evidence of ZnO and SnO2 reflections in the 
XRD patterns indicates that this reaction is not a complete process. The 70:30 Zn:Sn 
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mol% based electrodes display the remains of the ZnO plates (length ca. 800 nm) 
observed in the 80:20 Zn:Sn mol% electrode. These plates dissect the larger Zn2SnO4 
blocks whose surfaces appear significantly smoother than their ZnO counterpart. This 
indicates that in addition to the precursor decomposing to form particles, it may also 
vaporize and react on the surface of the substrate. As a result larger, smoother particles 
were formed. With increasing Sn content in the precursor solution (60:40 Zn:Sn mol%) 
no ZnO plates  were observed and the surface of the grains becomes relatively rougher. 
These electrodes appeared highly compact with both square and triangular based 
pyramidal particles fused together as shown in Figure 27d. 
 
 
Figure 28.  SEM micrographs of as-deposited films from precursor (1) solutions with 
Zn:Sn mol% ratios of (a) 50:50, (b) 40:60, (c) 30:70 and (d) 20:80. 
 
The morphology of the mixed oxide ZnO/SnO2 electrodes was found to be highly 
dependent on the Zn:Sn concentration ratio in the precursor solution (Figure 28). As the 
ZnO content decreased (Zn content ≥ 50 mol%) the particles with columnar structures 
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appeared. The 50:50 Zn:Sn mol% electrode showed cuboid shaped columns, with cross 
sections ranging from 50 – 300 nm (Figure 28a). With increasing Sn content (Figure 28b 
- 40:60 Zn:Sn mol%) the packing density of the nanocolumns increases due to a 
reduction in the column width (ca. 50 – 150 nm). As the Sn content was further 
increased (30:70 Zn:Sn mol%), the columns width once again increases with cross 
sections of approximately 100 – 400 nm (Figure 28c). Dissections of the columns by 
multiple particles resulted in a highly dense structure. The striations observed at the 
sides of the columns clearly demonstrate the stacking faults of these structures. When 
the Zn content in the precursor was low (20:80 Zn:Sn mol%) the electrodes formed 
compact layers with highly coarse surfaces (Figure 28d) which followed the irregular 
morphology of the FTO substrate.  Removing all of the Zn from the precursor (Figure 
39h) resulted in the electrodes with highly smooth surfaces following the FTO 
morphology. 
The metal oxide deposition rate in AACVD depends primarily on the 
temperature, deposition time, carrier gas flow rate and the degree of volatility of the 
precursor. SEM analysis of the cross section of the electrodes found that as the Sn 
content increased, the thickness of the deposited electrodes increased for identical 
deposition times (Figure 29). It was found that the electrode thickness for the 80:20, 
50:50 and 30:70 Zn:Sn mol% electrodes was approximately 1.0, 2.0 and 3.0 μm 
respectively for the growth time of 30 minutes. As no parameter other than the Zn:Sn 
ratio was altered during the experiment, the variation in the thickness of the electrodes 
indicates differences in the volatility of the Sn precursor with respect to the Zn 
precursor. Therefore, the increased volatility of tin (IV) chloride compared to the zinc 
acetate in the aerosol, resulted in the delivery of more material, and hence deposition of 
thicker metal oxide coatings. However the thickness of the electrodes can also be 
effected changes to the electrode morphology with increasing Sn mol% in the precursor. 
Therefore to determine whether it is the volatility of the precursor or the morphology 
that effects the electrode thickness, the density of the electrodes need to be measured 
with respect to the Sn content in the precursor. 
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Figure 29.  SEM images of the cross sections of (a) 80:20, (b) 50:50 and (c) 30:70 
Zn:Sn mol% precursor (1) electrodes. 
 
 
5.1.1.3 Optical Characterization. 
By conducting the traditional UV-Vis absorption spectroscopic measurements, 
the bandgap of the semiconductor can be easily extracted. Figure 30 displays the optical 
absorption spectra of the ZnO and ZnO/SnO2/Zn2SnO4 electrodes. As expected the 
100% ZnO (100:0 Zn:Sn mol%) electrodes were transparent in the visible light region. 
Addition of Sn to the electrodes (80:20 Zn:Sn mol%) resulted in increased absorption in 
the near to far UV region, and a red shift in the optical absorption edge. With further 
inclusion of Sn to the precursor solution, the ZnO/SnO2/Zn2SnO4 (60:40 Zn:Sn mol%) 
composite displayed increased optical absorption, with the absorption edge gradually 
shifted to the visible light region. The relative rise in absorption can be attributed to the 
increase in electrode thickness, as a result of increased Sn content in the precursor 
solution. The significant red shift and gradual slope of the absorption edge of the Sn 
doped ZnO electrodes appears to be the effect of increased particle size and light 
scattering by the highly structured morphology (Figure 27b). Figure 30b displays the 
UV-Vis absorption spectra of the ZnO/SnO2 electrodes (50:50 – 20:80 Zn:Sn mol%). The 
20:80 Zn:Sn mol% electrodes displays a maximum absorption peak in the far UV region. 
As the Zn content of the precursor solution was increased, the absorption peak and edge 
red shifted. The enhancement of the absorption in the near UV to visible light region is a 
direct result of increased ZnO content. 
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Figure 30.  UV-Vis absorption of (a) 100:0, 80:20 and 60:40 and (b) 50:50, 30:70 and 
20:80 Zn:Sn mol% electrodes deposited from precursor (1) solutions. 
 
 
Figure 31. (a) UV-Vis diffuse reflectance spectra of selected (ZnO,SnO2) electrodes 
deposited from precursor (1) solutions. (b) Optical absorption threshold determination 
from (F(R∞)hv)2 vs. hv plots for selected (ZnO,SnO2) electrodes. 
 
Electrodes with high aspect ratio nanostructures increase the light scattering 
effect in the sample, resulting in the system being unable to differentiate between the 
absorbed and reflected light.131 Therefore a more accurate optical absorption threshold 
determination can be found by measuring the diffuse reflectance of the sample.  
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Figure 31a displays the UV-Vis diffuse reflectance spectra of selected (ZnO,SnO2) 
electrodes deposited from precursor solutions ranging from 100:0 to 0:100 Zn:Sn 
mol%. The single phase ZnO (100:0 Zn:Sn mol%) electrodes were revealed to absorb 
primarily in the near to far UV region and displayed the highest degree of reflection in 
the visible light region. Addition of Sn to the precursor solution (80:20 and 70:30 Zn:Sn 
mol%) resulted in the electrodes displaying a small red-shift in the absorption edge. 
This significant red-shift in the absorption edge has been attributed to increased 
aperiodicity in the ZnO due to the incorporation of Sn4+ ions within the crystal lattice.140 
These electrodes also displayed a high reflectance in the visible light region due to light 
scattering by the structured morphology. The higher diffuse reflectance of the 100:0 
Zn:Sn mol% electrode was due to the relatively smaller particle size. As the Sn content 
in the precursor solution was increased, the absorption band edge gradually blue-shifts 
towards the far UV region. This is a result of increased SnO2 content within the             
(ZnO,SnO2) electrodes. The diffuse reflectance of the single phase SnO2 electrodes 
(0:100 Zn:Sn mol%) showed that although the electrodes had a compact morphology, 
they still displayed a reflectance of approximately 40% in the visible light region. The 
diffuse reflectance of this sample can be attributed to the polycrystalline nature of the 
electrode, reflecting light at the grain boundaries. The effect of the Zn:Sn ratio on the 
optical absorption threshold of the electrodes was estimated by applying the Kubelka-
Munk model to the diffuse reflectance data.  
 
P a g e  | 96 
 
 
Figure 32.  The effect of the Zn and Sn content in the precursor (1) solution on the 
optical absorption threshold of the deposited electrodes, estimated from diffuse 
reflectance measurements. The error bars were calculated from standard deviation of 
the 4 or more electrodes. 
 
ZnO, SnO2 and Zn2SnO4 are known to have direct optical bandgap transitions, 
therefore the bandgap of single phase and the absorption threshold of composite 
electrodes can be evaluated by plotting [F(R∞)hν]2 vs. hν for direct bandgap transitions 
(Figure 31b).76,131,139 Figure 32 shows the optical absorption thresholds of the 
electrodes as a function of the Zn:Sn ratio in the precursor solution. The results of 
Figure 32 clearly show that there are two distinct trends in the relationship between the 
absorption threshold of the (ZnO,SnO2) electrodes and the Zn:Sn ratio in the precursor 
solution. From 100:0 to 70:30 Zn:Sn mol%, a non-linear relationship was observed, with 
the absorption threshold of the electrodes decreasing with increasing Sn content. This 
decrease has been attributed to aperiodicity within the material, due to Sn4+ ion 
substitution of Zn2+ ions within the ZnO crystal lattice.140 The inclusion of Sn4+ ions in 
the wurtzite structure is an advantage to many electronic applications as the Sn4+ ions 
can donate two free electrons, thereby enhancing the electrical conductivity of the 
material.141 From 60:40 to 0:100 Zn:Sn mol%, the relationship between the  optical 
absorption threshold and the Zn:Sn ratio was nearly linear due to the phase separation 
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of ZnO and SnO2 within the electrodes.  The absorption threshold of the (ZnO,SnO2) 
electrodes in this region can be taken as the weighted average of the individual ZnO     
(Eg ~ 3.31 eV) and SnO2 (Eg ~ 3.55 eV) bandgaps. This ability to easily and finely tune 
the optical absorption threshold of the (ZnO,SnO2) electrodes is of advantage to many 
photoelectronic (i.e. photovoltaic) applications, where the light absorption plays an 
important role in the device operation. 
 
5.1.1.4 Photoelectrochemical Characterization. 
 The photoelectrochemical properties of the (ZnO,SnO2) electrodes were 
investigated by recording steady state J-V curves under illuminated and dark conditions 
(Figure 33). The 100% ZnO (100:0 Zn:Sn mol%) electrode displays a photocurrent  
onset at -0.26 V s. Ag/AgCl. With the addition of Sn to the electrode (80:20 Zn:Sn mol%) 
the onset shifts negatively to -0.32 V vs. Ag/AgCl. In addition the increased surface area 
of the ZnO nanoplates enhances the absorbance and hence the PEC performance of the 
electrodes. Under dark conditions the J-V curves display diode like behaviour. However 
when the electrodes are illuminated, the J-V curves diverge from ideal diode behaviour. 
The curves display a sigmoid shape, with an over potential being applied before 
significant photocurrent was observed. This suggests charge carrier recombination in 
the electrode. 
The photocurrent onset drops to -0.25 V vs. Ag/AgCl for the ZnO/SnO2/Zn2SnO4 
(60:40 Zn:Sn mol%) electrode (Figure 33a). Similarly to the ZnO electrodes, the J-V 
curves of the ZnO/SnO2/Zn2SnO4 composite displays diode behaviour in the dark. 
Although the optical absorption threshold of these electrodes was smaller than the ZnO 
electrodes (Figure 36b), the increased light harvesting of the electrode does not 
translate in to a higher photocurrent (i.e. increased charge generation). 
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Figure 33. J-V curves from the PEC cells with (a) 100:0, 80:20 and 60:40, and (b) 50:50, 
30:70 and 20:80 Zn:Sn mol% precursor (1) electrodes. The electrodes were measured 
in 3-electrode mode, with a Ag/AgCl reference electrode, a Pt wire as the counter 
electrode and 0.1 M Na2SO4 as the electrolyte. The electrodes were illuminated with 
AM1.5 simulated light (1000 Wm-2). 
 
 Figure 33b displays the J-V plots of selected ZnO/SnO2 composites. The 
photocurrent onsets were found to be -0.30, -0.29 and -0.29 V vs. Ag/AgCl for the 50:50, 
30:70 and 20:80 Zn:Sn mol% electrodes respectively. Similar to ZnO and 
ZnO/SnO2/Zn2SnO4 electrodes, the J-V plots of the ZnO/SnO2 electrode in the dark 
displays near ideal diode behaviour. However under illumination the ZnO/SnO2 J-V 
show none of the surface recombination displayed by the electrodes deposited from 
precursor solutions with Zn content ≥ 60 mol%. 
 Generally the magnitude of the photocurrent density is determined by the light 
harvesting property of the electrode. This property is influenced by the light trapping 
(i.e. photonic effect) and light scattering effect of the electrode. The morphology of the 
nanostructured electrodes also increases the semiconductor-electrolyte interface. 
Thereby improving charge transport and separation. In addition the optical absorption 
threshold (OAT) and bandgap (Eg) of the electrode will determine which wavelength of 
photons will be absorbed. The results shown in Figure 33 confirm these effects, with the 
ZnO electrodes with lower OAT (see section 5.1.1.5) having a higher photocurrent 
density than the electrodes containing SnO2 with a relatively lower OAT. It was also 
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observed that electrodes with nanostructured morphologies produced higher 
photocurrent densities in the PEC cells than electrodes with a more compact 
morphology and hence smaller surface area. In addition to the optical properties of the 
electrodes affecting the photocurrent density, charge transport through the electrode 
and the flat band potential (Vfb) of the electrode are also influential. Electron transport 
is affected by the doping density of the material, while the position of Vfb is 
approximately equal to the photocurrent onset (Vonset) of the electrode. The Vonset of 
composite electrodes is significantly influenced by the way the nanoparticles are 
formed. Figure 34 shows a schematic representation of the possible ways that the metal 
oxide layers can be arranged in spherical particles. From this diagram it is clear to see 
that the flat band potential will be influenced by the material which coats the outside of 
the nanoparticles. This may be the reason that no clear trend is observed for the 
photocurrent onsets of the composite (ZnO,SnO2) electrodes with respect to the Zn:Sn 
ratio of the precursor solution. Also in practice the same material may not coat 
completely coat the surface of all particles in the electrode.  
 
Figure 34. Schematic diagram of the possible material arrangements in (a) ZnO, (b) 
ZnO/SnO2/Zn2SnO4 (c) ZnO/SnO2 and (d) SnO2 electrodes. 
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5.1.1.5 Optoelectronic Characterization. 
In order to investigate the relationship between the PEC cell performance (under 
monochromatic light illumination) and morphology, the IPCE of electrodes were 
measured. The J-V curves show that the (ZnO,SnO2) electrodes show a very small 
photocurrent when under zero bias. Consequently the IPCE was measured under +0.5 V 
bias. The APCE (internal quantum efficiency) was calculated from the IPCE. APCE is 
defined as the ratio of electron flux in the external circuit to absorbed photon flux 
incident on the electrode at a given wavelength (Equation 64).142,143  
 
     
    
     
 
      
          
   (64) 
Where Jphoto is the photocurrent, q is the electronic charge, Io is the incident 
photon flux and A is the absorbance (corrected for diffuse reflection and transmittance). 
The APCE of the (ZnO,SnO2) electrodes are displayed in Figure 35. The 100% ZnO 
electrodes display a maximum internal quantum efficiency of 8%, while the ZnO 
nanoplates of the 80:20 Zn:Sn mol% electrodes display a higher quantum efficiency of 
approximately 20%. Figure 35a shows that the shape of the ZnO APCE spectra is similar 
to their UV-Vis optical absorption spectra, with the electrodes displaying photon to 
current conversion in the near to far UV region. The enhanced APCE of the 80:20 Zn:Sn 
mol% electrode can be attributed to the increased light absorbance as a result of the 
increased surface area of the ZnO nanoplates.  
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Figure 35. APCE of the (a) 100:0 and 80:20, (b) 70:30 and 60:40, (c) 50:50, 30:70 and 
20:80 and (d) 0:100 Zn:Sn mol% precursor (1) electrodes. The electrodes were 
measured in 3-electrode mode, with a Pt wire as the counter electrode and 0.1 M Na2SO4 
(pH ~ 6.0) as the electrolyte. The electrodes were biased at +0.5 V. 
 
As the addition of the Sn to the precursor solution exceeds 30 mol%, the APCE 
spectra changes significantly. Figure 35b displays the APCE of the ZnO/SnO2/Zn2SnO4 
electrodes. The increased Sn content of the 70:30 Zn:Sn mol% electrode displays a 
maximum APCE of 8% at 330 nm, with reduced efficiency in the near UV region 
compared to the ZnO electrodes. As expected further increasing the Sn content of the 
ZnO/SnO2/Zn2SnO4 (60:40 Zn:Sn mol%) composite results in the APCE shifting further 
to the far UV region. This trend is continued for the ZnO/SnO2 electrodes as the Sn 
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mol% is further increased (Figure 35c). The gradual blue shift of the ZnO/SnO2 
composite is a direct result of increased SnO2 in the electrode. In addition, the maximum 
APCE of the electrodes was diminished as the ratio of SnO2 was increased. This was due 
to the optical absorption being reduced  due to the  wider bandgap of SnO2 compared to 
that of  ZnO.  
 
Figure 36. (a) Optical absorbance threshold (OAT) determination from (hvIPCE)2 vs. hv 
plot and (b) the effect of the Zn and Sn content in the precursor solution on the OAT of 
the precursor (1) electrodes. The OAT values of the materials were calculated from IPCE 
measurements. The equation in the Figure shows the best fit (dashed line) to the 
experimental data. 
 
 Photocurrent spectroscopy is a reliable tool for determining the bandgap (Eg) of 
single phase and the optical absorption threshold (OAT) of composite semiconductor 
electrodes, when the absorbance measurements are distorted by light scattering and 
reflection effects. By applying the Gärtner equation (Equation 65) at the band edge, the 
optical absorption threshold of the electrode can be determined.142,144 
       
    
      
   (65) 
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Where α is the absorption coefficient, W is the depletion width and L is the 
minority carrier diffusion length. For a semiconductor, the Tauc plot (Equation 66) can 
be used to estimate the optical absorption threshold. 
             
     (66) 
Where h is the Planck constant, ν is the frequency of light and B is a constant. The 
value of n depends on the optical transition and n = 1/2 for allowed direct, n = 3/2 for 
forbidden direct and n = 2 for allowed indirect optical transitions.144 Near the band edge 
when α is small, αL and αW are <<1 and IPCE becomes a linear function of α. Therefore 
Equation 65 can be expressed as;142,144  
   
    
     
  (67) 
This relationship holds near the band edge, as long as L is not large. As ZnO, SnO2 
and Zn2SnO4 have allowed direct transitions, the bandgap of single phases (i.e. ZnO, 
SnO2) and the optical absorption threshold of the composite electrodes (i.e. ZnO/SnO2, 
ZnO/SnO2/Zn2SnO4) can be determined from the intercept of the (hvIPCE)2 vs. hv plot 
(Figure 36a).145,131,146 Figure 36b displays the optical absorption threshold of the 
(ZnO,SnO2) electrodes with respect to the Zn:Sn ratio in the precursor solution. The 
bandgap of the single phase ZnO and SnO2 were found to be 3.27 and 4.20 eV 
respectively. The bandgap value for ZnO (3.31 eV) derived from the diffuse reflectance 
spectra corresponds well to the value estimated from the APCE data. However, the 
APCE data estimated a significantly higher bandgap for SnO2 than the value (3.55 eV) 
evaluated from the diffuse reflectance spectroscopy.  
A naïve expectation of the IPCE results would be that two distinct optical 
absorption edges would be detected for composite blends of two semiconductors; ZnO 
and SnO2. However the results found that only one optical absorption edge (OAT) for the 
mixed composite electrodes was observed. One reason may be the difference in the 
bandgaps of ZnO and SnO2 was not be large enough to clearly observe this result, and 
therefore only the overall absorbance of the two materials was perceived. The IPCE 
measurement found that by combining ZnO and SnO2 and constructing composite 
semiconductor electrodes, the OAT of the resulting electrode could be fine-tuned 
between the respective bandgaps of ZnO and SnO2. The ability to systematically control 
the OAT of composite electrodes by adjusting the deposition parameters is useful in the 
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designing and the subsequent fabrication of many optoelectronic devices (e.g. solar 
cells, gas and chemical sensors, smart windows etc). For simplicity the composite ZnO 
and SnO2 structure has been represented as (ZnO,SnO2), where x is the fraction of Zn in 
the precursor solution. To find the absorption threshold of the composite material, the 
virtual crystal approximation (Equation 68) can be used. In this approximation the 
absorption threshold of the composite is found from the weighted bandgap’s of the two 
single phase materials.147 
                                       (68) 
Figure 36b shows the experimentally determined absorption thresholds of the 
electrodes with respect to the Zn and Sn content in the precursor solution. The 
experimental data does not agree with the linear relation found from the virtual crystal 
approximation model. This is due to the model assuming that the composite forms 
perfect crystal lattices. However, in reality there can be aperiodicity in the lattice 
structure. Figure 36b shows that the absorption threshold of the electrodes decreased 
slightly as Sn was added to the ZnO (100:0 Zn:Sn mol%) electrodes, before steadily 
increasing. As a result a bowing effect can be observed in the optical absorption 
threshold of the composite.147 The absorption threshold for composites that diverge 
from the virtual crystal approximation is given by Equation 69.147,140 
 
                                
   (69)
 
Where c is the bowing parameter. The bowing factor was calculated to be 1.2 for 
the experimental data. 
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5.1.2 Precursor (2): Effect of Zn:Sn Ratio 
This section shows that the effect of changing the Zn:Sn ratio in the zinc nitrate 
and tin (IV) chloride precursor solution on the composite blend, morphological, optical 
and photoelectrochemical performance of the electrodes. 
5.1.2.1 Characterization of the Composite Blend of the (ZnO,SnO2) 
Electrodes. 
The electrodes deposited from precursor (2) also show the flexibility of the 
AACVD technique and resulted in a variety of (ZnO,SnO2) composites similar to 
precursor (1). Figure 37 and 38 shows selected diffractograms of as-deposited       
(ZnO,SnO2) electrodes as the Zn:Sn mol% ratio in the precursor solution was varied 
from 100:0 to 0:100. From 100:0 to 70:30 Zn:Sn mol% the observed reflections 
correspond to hexagonal ZnO [ICDD 01-089-0510]. Figure 37b and c display the 
diffractograms for the 100:0 and 80:20 Zn:Sn mol% electrodes. The 100:0 Zn:Sn mol% 
electrode displayed four reflections (▲)  at 2θ ≈ 34.6, 36.4, 47.7 and 63.0° 
corresponding to the (002), (101), (102) and (103) crystalline planes, with preferred 
orientation along the (101) plane. Addition of Sn (80:20 Zn:Sn mol%) to the precursor 
solution resulted in two additional ZnO reflections at 2θ ≈ 31.9 and 56.7° belonging to 
the (100) and (110) crystalline planes. However the preferential orientation of the 
80:20 Zn:Sn mol% electrode still remained with the (101) crystalline plane. Neither 
new SnO2 reflections nor noticeable changes to the intensity of the SnO2 reflections (●) 
were observed when the Zn:Sn mol% changed from 100:0 to 70:30 suggesting that the 
FTO layer of the substrate is responsible for the SnO2 reflections. However, the XRD 
pattern does not rule out the existence of amorphous SnO2 with the electrode. Analysis of the 
diffraction patterns demonstrated a reduction in the lattice parameters of the wurtzite 
ZnO as Sn source was added to the precursor solution. It was found, a = 3.171 Å and c = 
5.082 Å for 100:0 Zn:Sn mol% electrode. These values were consistent with the 100:0 
Zn:Sn mol% electrode deposited from precursor (1) and literature reported values for 
ZnO.133 However, the 80:20 Zn:Sn mol% electrode showed a decrease in the lattice 
parameters with a = 3.160 Å and c = 5.065 Å. This reduction in the lattice parameters is 
an indication of Sn4+ ion substitution in the wurtzite lattice (see section 5.1.1.1. for more 
information).136 However this decrease in the lattice constants was not as large as the 
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corresponding electrode deposited from precursor (1), suggesting a smaller degree of 
Sn4+ ions substitution in the ZnO. 
 
 
Figure 37. X-ray diffraction patterns of the (a) bare FTO substrate and the (ZnO,SnO2) 
layers deposited from (b) 100:0, (c) 80:20 and (d) 60:40 Zn:Sn mol% precursor (2) 
solutions on FTO. The reflections indexed (●), (▲) and (♦) correspond to SnO2 [ICDD 
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01-070-4176], ZnO [ICDD 01-089-0510] and Zn2SnO4. The XRD spectra were 
normalized to (110) SnO2 reflection at 2θ = 26.65°. 
 
Electrodes deposited from 60:40 Zn:Sn mol% precursor solution have 
ZnO/SnO2/Zn2SnO4 composite structures (Figure 37d). The reflections indexed (♦) at 2θ 
≈ 17.9, 29.3, 34.5, 36.1, 41.8, 45.8, 51.7, 56.8, 60.6, 63.6 and 64.6° correspond to the 
(111), (220), (311), (222), (400), (331), (422), (511), (531) and (442) crystalline planes 
of cubic Zn2SnO4 [ICDD 00-074-2184]. The XRD pattern also shows that the Zn2SnO4 
crystallites are strongly orientated to the (440) plane. Analysis of the XRD pattern 
estimated a lattice parameter of 8.594 Å, which is in good agreement with the 60:40 
Zn:Sn mol% precursor (1) electrode and the literature reported values.148 
From 50:50 to 10:90 Zn:Sn mol%, the electrodes had a ZnO/SnO2 composite 
structure. Figure 38b and c display the XRD patterns for the electrodes deposited from 
40:60 and 20:80 Zn:Sn mol% precursor solutions. These patterns display reflections at 
2θ ≈ 26.7, 34.0, 37.9, 51.8, 58.1, 61.7, 64.9 and 65.7° which correspond to the (110), 
(101), (200), (211), (002), (310), (112) and (301) crystalline planes of tetragonal SnO2 
[ICDD 01-070-4176]. Reflections at 34.0 and 58.1° correspond to hexagonal ZnO [ICDD 
00-021-1486]. No separate ZnO reflections were observed in the diffraction patterns, 
and this is presumably due to the interference from SnO2 reflections, as the reflections 
overlap. Analysis of these XRD diffraction patterns calculated lattice parameters of          
a = 4.730 Å and c = 3.288 Å, and a = 4.735 Å and c = 3.288 Å for the 40:60 and 20:80 
Zn:Sn mol% electrodes respectively. As expected, electrodes with single phase SnO2 
were only obtained when the Zn:Sn mol% ratio of precursor solution was adjusted to 
0:100 (Figure 38d). These electrodes were preferentially orientated along the (200) 
reflection. The lattice parameters of this electrode were a = 4.733 Å and c = 3.291 Å and 
agree well with literature reported values.138 The lack of change between the lattice 
parameters of the 40:60, 20:80 and 0:100 Zn:Sn mol% electrodes indicate that no Zn2+ 
ions were incorporated in the SnO2 crystal lattice. Therefore the Zn2+ ions may exist as a 
separate ZnO phase within the electrodes. 
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Figure 38. X-ray diffraction patterns of the (a) bare FTO substrate and the (ZnO,SnO2) 
layers deposited from (b) 40:60, (c) 20:80 and (d) 0:100 Zn:Sn mol% precursor (2) 
solutions on FTO. The reflections indexed (●) and (■) correspond to SnO2 [ICDD 01-
070-4176] and ZnO [ICDD 00-021-1486]. The XRD spectra were normalized to (110) 
SnO2 reflection at 2θ = 26.65°. 
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5.1.2.2 Structural Characterization. 
The SEM images of the ZnO electrodes deposited on FTO substrates are 
displayed in Figure 39a and b. The topographic views show that the ZnO electrodes have 
different morphologies as a result of the change in the Zn:Sn ratio of the precursor 
solution. The 100:0 Zn:Sn mol% electrodes resulted in particles with widths greater 
than 200 nm (Figure 39a). The formation of large and small particles in the film 
produced an electrode with a microstructure less compact than ZnO electrode 
deposited from precursor (1). Addition of Sn to the precursor solution had a profound 
effect on the particle morphology. For example, the topography of 80:20 Zn:Sn mol% 
ZnO electrode displays the ordered assembly of ZnO particles (Figure 39b). The image 
also reveals that the ZnO crystallites have fused together to form plate-like structures. 
The shape of the particles was not well defined but the lamella formation of the 
crystallites in the particles can be observed at the edges. These electrodes showed a 
large particle size distribution, with the length ranging between approximately            
200 – 800 nm, and with the thickness of the plates varying between 50 – 150 nm. The 
plates grown the FTO substrate were angled and displayed their smooth top surface. 
The plate-like structures grown from precursor (2) were more angled than nanoplates 
deposited from precursor (1) at 80:20 Zn:Sn mol% (Figure 27b). Variations in the 
orientation and size of the plates may be a result of differences in the Sn content of the 
deposited electrodes. 
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Figure 39.  Topographical SEM images of the (ZnO,SnO2) layers deposited from (a) 
100:0, (b) 80:20, (c) 60:40, (d) 50:50, (e) 40:60, (f) 30:70, (g) 20:80 and (h) 0:100 Zn:Sn 
mol% precursor (2) solutions on FTO. 
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Figure 39c shows the SEM images of ZnO/SnO2/Zn2SnO4 composite electrodes 
deposited from the 60:40 Zn:Sn mol% precursor solution. The electrode has a relatively 
more open packed structure, than corresponding precursor (1) electrode (Figure 27d). 
The image shows particles larger than 700 nm in length with smaller needle-like 
particles (ca. 200 nm) dissecting these shapes. Further studies of the SEM images 
showed that the shape and size of the particles in the ZnO/SnO2 composite electrodes 
were highly dependent on the Zn:Sn concentration ratio in the precursor solution 
(Figure 39d-g). From 50:50 to 30:70 Zn:Sn mol%, the electrode displayed columnar type 
structures. Notably by adjusting the Zn:Sn mol% ratio within this region, the width of 
columns could be controlled. Compact electrodes were deposited when the Zn:Sn mol% 
≤ 20:80 mol%. These ZnO/SnO2 composite electrodes displayed a compact structure 
with smooth square-based pyramidal particles (Figure 39g). The 100% SnO2 electrodes 
displayed a compact structure similar to the 20:80 Zn:Sn mol%, but with trigonal-based 
pyramidal particles (Figure 39h). These studies have demonstrated that the composite 
blend and structure of the electrodes can be easily controlled using AACVD. 
Consequently, the multi-functionality of the materials, determined by the ratio of the 
different oxides in the electrode can be altered. For example self-cleaning glass 
employing SiO2/TiO2 thin film coatings56 requires the quantity of TiO2 within to the film 
to be carefully controlled to allow maximum photocatalytic activity, without preventing 
the transmission of light. 
 
5.1.2.3 Optical Characterization. 
 The UV-Vis optical absorption spectra of selected ZnO, ZnO/SnO2/Zn2SnO4, 
ZnO/SnO2 and SnO2 electrodes are displayed in Figure 40. Similarly to the 100% 
precursor (1) ZnO electrode, the 100:0 Zn:Sn mol% electrode displays significant 
absorption in the near to far UV region with a sharp absorption edge. Upon addition of 
Sn to the precursor solution (80:20 Zn:Sn mol%), the absorption edge shifts 
significantly to the visible light region. Further increase of the Sn content results in the 
fabrication of ZnO/SnO2/Zn2SnO4 composites, and increased optical absorption. Studies 
of the cross sectional SEM image of precursor (1) electrodes found the thickness 
increased as the Sn content in the precursor solution was increased (Figure 29). 
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Therefore the relative increase in the optical absorption of the 60:40 Zn:Sn mol% 
electrode with respect to the ZnO electrodes may be the result of differences in the 
thickness. Figure 40b displays the optical absorption of the SnO2 and ZnO/SnO2 
composites. The SnO2 spectrum has a maximum absorption peak at 320 nm, which 
corresponds to a bandgap of 3.88 eV. As the Zn content of the precursor solution was 
increased, the maximum absorption peak was red shifted. This is a result of the 
increased ZnO content in the electrodes, extending the light absorption to the near UV 
region. As shown in section 5.1.1.3, this trend was also observed in the absorption 
spectra of the precursor (1) (ZnO,SnO2) electrodes. In addition, the absorption edge 
displays a gradual red shift to the visible light region due to the light scattering nature 
by highly nanostructured composite metal oxide matrix. 
 
 
Figure 40. UV-Vis absorption of (a) 100:0, 80:20 and 60:40 and (b) 50:50, 30:70, 20:80 
and 0:100 Zn:Sn mol% precursor (2) electrodes. 
 
 Therefore in order to determine the bandgap of single phase oxide electrodes 
accurately and the optical absorption threshold of composite electrodes, diffuse 
reflectance measurements were performed. Figure 41a displays the diffuse reflectance 
spectra of selected (ZnO,SnO2) electrodes. The 100:0 to 70:30 Zn:Sn mol% electrodes 
display a relatively higher reflectance than their precursor (1) counterparts. In addition, 
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as the Sn content of the precursor was increased a red shift in the absorption edge was 
observed. However as the Sn content was ≥ 50 mol%, the resulting absorption edge of 
the electrodes displayed a significant blue shift. By applying the Kubelka-Munk model to 
the reflectance spectra, the optical absorption threshold of the electrodes were 
determined by plotting (F(R∞)hv)2 vs. hv (Figure 41b). 
 Figure 42 displays the optical absorption threshold as the Zn:Sn mol% ratio in 
the precursor solution was systematically varied. Similarly to the electrodes fabricated 
from precursor (1), the optical absorption threshold varies almost linearly for 
electrodes fabricated from 0:100 to 60:40 Zn:Sn mol% solutions. The absorption 
threshold of the electrodes may be determined from the weighted average of the single 
phase ZnO and SnO2 bandgaps. However, the 100:0 to 70:30 Zn:Sn mol% electrodes 
deposited from both types of precursor, display a gradual decrease in the absorption 
threshold. This trend has been attributed to the Sn4+ ion substitution in the ZnO crystal 
lattice (see section 5.1.1. for more details). 
 
 
Figure 41. (a) UV-Vis diffuse reflectance spectra of selected (ZnO,SnO2) electrodes. (b) 
Optical absorption threshold determination from (F(R∞)hv)2 vs. hv plots for selected 
precursor (2) (ZnO,SnO2) electrodes. 
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Figure 42. The effect of the Zn and Sn content in the precursor (2) solutions on the 
optical absorption threshold estimated from diffuse reflectance measurements. Error 
bars were calculated from the standard deviation of 4 or more electrodes. 
 
5.1.2.4 Photoelectrochemical Characterization. 
Figure 43a shows the steady state J-V characteristics of ZnO electrodes under 
light and dark conditions. The photocurrent onset of the ZnO electrode                         
(100:0 Zn:Sn mol%) is at about -0.26 V vs. Ag/AgCl. Addition of Sn to the precursor 
solution results in a negative shift of the photocurrent onset to -0.32 V and 
simultaneous increase of photocurrent density. It is well known that the morphology of 
the films can play a significant role in the PEC cell performance. For the 80:20 Zn:Sn 
mol% electrode, the increased internal surface area (Figure 37b) and the enhanced 
optical absorption due to the light scattering nature of the electrode may be responsible 
for the improved photocurrent density under simulated sunlight. In addition, Sn within 
the ZnO electrodes is also known to increase the PEC performance by enhancing the 
electrical conductivity. In the ZnO crystal lattice, Sn4+ ions can substitute the Zn2+ ions, 
due to their relatively smaller ionic radius (Sn4+ ~0.69 Å and Zn2+ ~0.74 Å).141 This 
replacement enables the Sn4+ ions to donate two free electrons, resulting in an overall 
increase in the free charge carrier concentration.141,149  As a result the electrode 
becomes conductive increasing the charge transport and PEC performance. However, it 
P a g e  | 115 
 
is worth noting that at higher Sn concentrations, the stress of incorporating more Sn4+ 
ions in to the crystal lattice can also cause an increase in resistivity, at a cost of charge 
collection.149 The dark current remained low for both electrodes up to approximately 
1.2 V. The J-V characteristics of all electrodes displayed the typical diode behavior in the 
dark (Figure 43). Even under illumination, the cathodic forward current of all electrodes 
appears to show reasonable photodiode properties. However, as the applied potential 
was increased beyond the photocurrent onset, the system diverges from this model. The 
J-V measurements displayed a sigmoid shaped curve as an “over-potential” (i.e. a 
potential at least 0.2 V greater than the photocurrent onset) had to be applied before a 
significant rise in photocurrent was observed. These samples displayed no 
photocurrent saturation in the reverse bias region. This effect may be due to 
recombination at the surface and in the depletion layer of the electrode.150  
 
 
Figure 43.  J-V of the (a) 100:0 and 80:20, (b) 60:40, (c) 50:50, 30:70 and 20:80 and (d) 
0:100 Zn:Sn mol% precursor (2) electrodes. The electrodes were measured in 3-
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electrode mode, with a Ag/AgCl reference electrode, a Pt wire as the counter electrode 
and 0.1 M Na2SO4 as the electrolyte. The electrodes were illuminated with AM1.5 
simulated light (~1000 Wm-2). 
 
Figure 43b displays the steady state J-V plots of the ZnO/SnO2/Zn2SnO4 
composite electrode. The photocurrent onset of the 60:40 Zn:Sn mol% electrode was 
approximately -0.27 V. Due to the relatively low OAT of the 60:40 Zn:Sn mol% compared 
to that of the 50:50 Zn:Sn mol% electrode, the photocurrent density of the latter is 
significantly higher despite the relatively lower Zn content in the precursor. The J-V 
performance of the ZnO/SnO2 electrodes is shown in Figure 43c. The photocurrent 
onsets of the 50:50, 30:70 and 20:80 Zn:Sn mol% electrodes were approximately -0.29,  
-0.31 and -0.27 V, respectively. Figure 43c shows that the J-V characteristics of 
electrodes display the sigmoid-shape after the photocurrent onset potential, as seen for 
the ZnO and SnO2 electrodes (Figure 43a and d). Yet in this case, the effect was less 
pronounced; suggesting relatively low charge carrier recombination at the surface.150 
The 50:50 and 30:70 Zn:Sn mol% electrodes display no photocurrent saturation in the 
reverse bias region, while the J-V plot of compact 20:80 Zn:Sn mol% electrode appeared 
to reach the saturation. From both J-V and APCE results, it is clear that the electrodes 
with a higher ZnO content display better PEC performance. This could be due to the 
higher optical absorption (light harvesting) as well as oxidative dissolution of ZnO. 
Upon illumination ZnO is known to undergo oxidative dissolution in aqueous solutions 
when under anodic polarization.151 
The J-V curve of the SnO2 electrode (0:100 mol%) is shown in Figure 43d. For this 
electrode, a positive shift in the dark current onset is seen compared to that of the ZnO 
electrode (100:0 mol%). The electrode displays negligible reverse saturation current 
until approximately 1.4 V vs. Ag/AgCl, where the current increases almost linearly. This 
effect could be due to the relatively low (positive) conduction band edge of SnO2 
compared to that of ZnO. The photocurrent onset of the SnO2 electrode was observed at 
-0.28 V vs. Ag/AgCl. The J-V performance under illuminated conditions diverges from 
the ideal diode behaviour. The curve shows the familiar sigmoid-shape near the 
photocurrent onset potential, indicating high charge carrier recombination at the 
surface.150 The sigmoid-shape has been attributed to reduced photocurrent as a result 
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of a high degree of charge carrier recombination when the space charge layer is narrow 
near the photocurrent onset.150 As noticed with the composite electrodes deposited 
from precursor (1), the Vfb of the electrodes do not follow any noticeable trend with 
respect to the Zn:Sn ratio of the precursor solution. This suggests that the nanoparticle 
surfaces are not completely covered with one single metal oxide phase (e.g. ZnO, SnO2, 
Zn2SnO4). 
 
5.1.2.5 Optoelectronic Characterization. 
Figure 44a displays the APCE of the 100:0 and 80:20 Zn:Sn mol% ZnO electrodes. 
These results demonstrate that the internal quantum efficiency of the electrodes was 
dependent on the nanostructure. The increased APCE of the 80:20 Zn:Sn mol% could be 
due to the enhanced light absorbance as a result of light scattering by the plate-like 
nanoparticle assembly. Both the 100:0 and 80:20 Zn:Sn mol% ZnO electrodes show 
their strongest conversion efficiencies in the near to far UV region. The APCE of the 
80:20 Zn:Sn mol% ZnO electrodes displayed a similar shape as the 100:0 mol% ZnO 
electrodes, with a sharp decline between 380 – 400 nm. The 100:0 and 80:20 Zn:Sn 
mol% had a maximum APCE of approximately 20% and 32% respectively (Figure 44a), 
which were significantly higher than the corresponding electrodes deposited from 
precursor (1). The magnitude of the photocurrent density is known to be influenced by 
light scattering, trapping, and the semiconductor/electrolyte interface to name a few 
parameters. These properties are affected by the nanostructure of the electrodes. From 
the SEM images (Figure 27 and 39) it appears that the 100:0 and 80:20 Zn:Sn mol% 
electrodes have a larger surface area and a less densely packed nanostructure.  
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Figure 44. APCE of the (a) 100:0 and 80:20, (b) 60:40, (c) 50:50, 30:70 and 20:80 and 
(d) 0:100 Zn:Sn mol% precursor (2) electrodes. The electrodes were measured in 3-
electrode mode, with a Ag/AgCl reference electrode, a Pt wire as the counter electrode 
and 0.1 M Na2SO4 (pH ~ 6.0) as the electrolyte. The electrodes were biased at +0.5 V. 
 
The ZnO/SnO2/Zn2SnO4 electrode (60:40 Zn:Sn mol%) displayed a maximum 
APCE in the far UV region which gradually decreased as the wavelength was scanned 
from 320 nm to the near UV region, reaching the threshold at approximately 400 nm. 
This electrode displayed a considerably lower efficiency than the ZnO counterparts 
fabricated when the Zn:Sn mol% ≤ 20:80 mol% (Figure 44b). The significantly low APCE 
along with the optical shift of the APCE threshold to far UV region is a consequence of 
the relatively higher bandgaps of SnO2 and Zn2SnO4 (SnO2: Eg ~ 3.60 – 3.80 eV, Zn2SnO4: 
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Eg ~3.65 – 3.87 eV).152,146 The APCE of the ZnO/SnO2 electrodes displayed a similar 
shape to the ZnO/SnO2/Zn2SnO4 electrodes (Figure 44c). Generally the APCE of 
gradually declined as the Zn mol% in the precursor was decreased. As the bandgap of 
ZnO is relatively smaller than that of SnO2, the gradual blue shift observed for the APCE 
threshold may be associated with the relative ratio of ZnO:SnO2 in the electrodes. The 
more SnO2 in the composite electrode, the higher the optical absorbance threshold is 
blue shifted. The SnO2 (0:100 Zn:Sn mol%) electrodes display a maximum APCE at     
320 nm before rapidly decreasing at higher wavelengths (Figure 44d). Compared to the 
100:0 mol% ZnO electrodes (Figure 44a) the APCE of these electrodes was very low. 
Considering the respective bandgap values of ZnO and SnO2, the low APCE of the SnO2 
electrodes is due to the relatively lower light harvesting properties. In addition the 
relatively low internal surface area associated with the 100% SnO2 electrode may have 
been responsible for the significantly poor APCE. 
 
 
Figure 45. (a) Optical absorbance threshold (OAT) determination from (hvIPCE)2 vs. hv 
plot and (b) the effect of the Zn and Sn content in the precursor (2) solution on the OAT 
of the electrode. The OAT values of the materials were calculated from IPCE 
measurements. The equation shown in the Figure is the best fit (dashed line) to the 
experimental data. 
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The optical absorption thresholds of the (ZnO,SnO2) electrodes were found from 
(hvIPCE)2 vs. hv plots. The absorption threshold of the (ZnO,SnO2) electrodes were 
generally found to increase as the Zn:Sn mol% ratio changed from 100:0 to 0:100.  The 
estimated bandgap of the single phase ZnO (100:0 Zn:Sn mol%) and SnO2                  
(0:100 Zn:Sn mol%) electrodes were 3.26 and 4.06 eV respectively. The value for ZnO is 
within the range of values reported in the literature, while the experimentally 
determined bandgap of SnO2 was closer to the higher values reported.68,153 The 
ZnO/SnO2/Zn2SnO4 (60:40 Zn:Sn mol%) electrode had an OAT of 3.54 eV. This value 
does not fit the general trend shown in Figure 45b, and was slightly lower than the 
values reported for the bandgap of single phase Zn2SnO4.146,154 Interestingly bandgap 
values as low as 3.25 eV have been reported for Zn2SnO4. This reduction in the bandgap 
has been attributed to excess Zn in the Zn2SnO4 matrix.154 Figure 45b shows the OAT 
values of the (ZnO,SnO2) electrodes as the Zn:Sn ratio in the precursor solution was 
varied. Addition of Sn to the precursor solution showed a small red-shift of the OAT of 
electrodes which could also be the result of increased light scattering properties (Figure 
45). The change in the absorption threshold of the electrodes with increasing Sn content 
displayed a non-linear behaviour. Notably the OAT increases almost linearly in the 100:0 
to 50:50 Zn:Sn mol% range, while in the  60:40 to 0:100 Zn:Sn mol% the OAT displays a 
bowing effect. The bowing factor was found to be 0.88 from the best fit of the 
experimental data. This value is lower than the bowing factor found for the precursor 
(1) electrode (1.20) and is slightly larger than the 0.76 bowing factor found for 
(ZnO,SnO2)  composites grown by chemical spray pyrolysis.140 The higher bowing factor 
of the AACVD electrodes suggests that the crystal lattices were more disordered, with 
the relative disorder of the electrodes being dependent on the type of zinc precursor. 
The higher bowing factor and the larger decrease in the lattice constants of the ZnO 
electrodes is an indication that Sn4+ ion substitution is greater for the precursor (1) 
electrodes. 
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5.1.3  Electrical Characterization. 
In order to study the quality of the AACVD electrodes, electrochemical 
impedance spectroscopic measurements of the ZnO (100:0 Zn:Sn mol%) electrodes 
from both precursor (1) and (2), in addition to SnO2 (0:100 Zn:Sn mol%)  electrodes 
were conducted. The Bode plots of impedance vs. frequency for the 100:0 Zn:Sn and the 
0:100 Zn:Sn electrodes are shown in Figure 46.  
 
Figure 46. Bode plots of impedance vs. frequency of (a) ZnO (100:0 Zn:Sn mol%) 
deposited from precursor (1), (b) ZnO (100:0 Zn:Sn mol%) deposited from precursor 
(2) and (c) SnO2 (0:100 Zn:Sn mol%) electrodes recorded at a potential of -0.1 V vs. 
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Ag/AgCl. The inset in (b) shows the equivalent circuit for the two electrodes. (●) 
measured Z’, (▲) measured Z’’, (×) modeled Z’, (+) modeled Z’’.  
The simple equivalent circuit of R1(Q[R2C]) displays a good fit to the measured 
impedance data (Figure 46). R1 is representative of the electrolyte and FTO resistance, 
R2 is the resistance of the space charge layer and C is the capacitance of the space charge 
layer. Q is the constant phase element and can be written as ZQ=(Yojω)-n, where Yo is a 
constant and ω is the angular frequency. Q acts as a capacitor when n = 1, and a resistor 
when n = 0.155 The Bode plots show that at frequencies higher than 800 Hz, there is little 
change to the real part of impedance (Z’). Therefore at higher frequencies, Z’ is not 
dependant on frequency, and Q has negligible effect on the circuit under these 
conditions.156 Consequently at frequencies ≥ 800 Hz, the electrochemical cell can be 
described as R and C in series. This circuit was used to calculate the space charge layer 
capacitance (C) vs. potential, from the imaginary part of the impedance (Z’’). This 
information was used to construct the Mott-Schottky plots for the ZnO and SnO2 
electrodes at 1 kHz (Figure 47). The Mott-Schottky relationship is shown below. 
 
  
 
 
         
       
  
 
   (70) 
Where k is the Boltzmann constant, T is the temperature, q is the electronic 
charge, A is the active surface area of electrode, Nd is the donor density, εo is the 
permittivity of the vacuum, εr is the relative permittivity of the semiconductor material  
( ZnO =10,157 2SnO =12 
158), V is the applied potential and Vfb is the flat band potential. 
The intercept from the straight line portion of C-2 vs. V yields the Vfb of the electrode, 
while the Nd can be estimated from the gradient.  
The Vfb for the ZnO electrode was found to be -0.41 and -0.54 V vs. Ag/AgCl for 
the precursor (1) and (2) electrodes respectively. The Vfb of the precursor (2) ZnO 
agrees well with values reported by Redmond et al159 for nanocrystalline ZnO 
electrodes. The 100:0 Zn:Sn mol% precursor (1) electrode was found to have an Nd of 
3.27 × 1015 cm-3 and W of 46 nm at zero bias. The 100% ZnO electrode deposited from 
precursor (2) was found to have a significantly higher Nd of 1.72 × 1020 cm-3 than the 
precursor (1) electrode, resulting in a smaller W of 1.9 nm at 0 V. The Nd of the 
precursor (2) ZnO electrodes were found to be approximately two orders of magnitude 
higher than the values reported by Redmond et al159 for their ZnO electrodes deposited 
P a g e  | 123 
 
from colloidal ZnO suspensions. The differences in the Nd of the ZnO electrodes 
deposited from precursor (1) and (2) may be due to differences in the volatility of zinc 
acetate and zinc nitrate respectively. From the Mott-Schottky results it would appear 
that the zinc nitrate precursor is more volatile, and hence produces an electrode with a 
higher Nd.  As expected the SnO2 electrodes were found to have a more positive flat band 
potential of -0.19 V vs. Ag/AgCl and Nd of  8.12 × 1017 cm-3, which are in good agreement 
with the literature reported values.160 The lower Nd of the SnO2 electrode results in the 
electrodes having a large depletion region (18 nm) at zero bias. 
 The Vfb of the ZnO electrodes were found to be approximately 0.15 to 0.28 V 
more negative than the measured photocurrent onset values (Vfb of 100:0 Zn:Sn mol% 
precursor (1) and (2) electrodes = -0.26 V vs. Ag/AgCl). The discrepancy between the 
two values is due to the fact that photocurrent onset and Vfb’s were measured under 
light and dark conditions respectively. Only under very low light intensities would the 
photocurrent onset potential be the same (assuming instantaneous hole transport at the 
surface of the electrode).161 This is due to photogenerated charge carriers shifting the 
Vfb by changing the surface charge of the electrode. The surface states at the electrode-
electrolyte interface trap photogenerated holes and change the surface charge.162 If this 
process is faster than the dissolution of the electrode surface, then the surface will 
become positively charged and the Vfb will shift to more positive potentials. However if 
there a fewer surface states available for hole trapping, the rate of electrode erosion 
would be higher, and the Vfb would not shift.162 Therefore difference between the Vfb 
measured in the dark and the photocurrent onset indicates that there a large number of 
hole trapping surface states on the ZnO electrodes. However the more negative Vfb of 
the ZnO electrode deposited from precursor (2) indicates that there are relatively fewer 
surface states on this electrode. In the case of SnO2 there is only a small difference in the 
photocurrent onset (-0.28 V) and the Vfb. The compact SnO2 electrode has a relatively 
small internal surface area compared to the nanostructured ZnO electrodes. Therefore 
smaller potential difference (~0.9 V) between the photocurrent onset and the Vfb can be 
attributed to fewer surface states on the surface and a lower photocurrent density as a 
result of the low surface area. The reason for the more negative photocurrent onset 
requires further investigation of the changes to the surface of the SnO2 electrode when 
illuminated. 
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Figure 47. Mott-Schottky plots of the (a) ZnO (100:0 Zn:Sn mol%) deposited from 
precursor (1), (b) ZnO (100:0 Zn:Sn mol%) deposited from precursor (2) and (c) SnO2 
(0:100 Zn:Sn mol%) electrodes at a frequency of 1 kHz. The electrodes were measured 
in the dark in 3-electrode mode, with a Pt wire as the counter electrode and 0.1M 
Na2SO4 as the electrolyte.  
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5.3  Indium Sulfide Buffer  
5.3.1 Material Characterization 
Indium sulfide was used as the buffer layer within the ETA solar cell structure. 
Typically the CBD deposition can result in the fabrication of non-stoichiometric indium 
sulfide, In(OH)xSy or α and β In2S3.119 Therefore the crystalline phases of as-deposited 
and annealed CBD indium sulfide layer on FTO was studied using XRD (Figure 48). The 
SnO2 reflections (●) indexed to tetragonal SnO2 [ICDD 01-070-4176] of the FTO 
substrate. Figure 48a shows the XRD pattern of as-deposited indium sulfide was 
indexed to cubic β-In2S3 [ICDD 00-032-0456]. The pattern displays 4 weak reflections 
(▲) corresponding to the (311), (222), (400), (511) and (440) crystalline planes. The 
growth mechanism for CBD indium sulfide is thought to proceed via the In(OH)x cluster 
growth. However in this case no indium hydroxide or oxide reflections were observed. 
Annealing the In2S3 electrodes has a number of effects on the buffer layer. The first 
result is an improvement in electrical contacts between individual In2S3 particles. In 
addition contacts between the  In2S3 and composite (ZnO,SnO2) . After the electrodes 
were annealed in an argon at temperatures up to 400°C, the reflections became thinner 
and sharper indicating an increase in crystallinity and an increase in particle size due to 
particle coalescence. When the annealing temperature was increased above 200°C, 
reflections attributed to (111), (220) and (511) crystalline planes emerged. Analysis of 
the In2S3 reflections calculated the lattice parameters to be a = 10.669, 10.652, 10.581, 
10.754 and 10.716 Å for the as-deposited and annealed electrodes at 100, 200, 300 and 
400°C respectively. The initial decrease in the size of the lattice constant, when the 
annealing temperature was changed from un-annealed to 200°C, can be attributed to 
the substitution of sulphur ions in the crystal lattice by smaller oxygen ions.163 When 
the annealing temperature was increased above 200°C, the lattice constant of the 
material was increased. This effect may be due to the replacement of the oxygen ions in 
the crystal lattice by excess sulphur ions in the material.163 The lattice parameter of the 
In2S3 layer annealed at 300°C is close to the literature reported values for cubic              
β-In2S3.164 
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Figure 48. X-ray diffraction patterns of the (a) FTO substrate and CBD indium sulfide on 
FTO substrates (b) as-deposited and annealed at (c) 100°C, (d) 200°C, (e) 300°C and (f) 
400°C in an argon atmosphere. The XRD spectra were normalized to (301) SnO2 
reflection at 2θ = 65.6°. 
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5.3.2 Structural Characterization 
 Figure 49 shows the SEM images of CBD In2S3 (used in the structure A type ETA 
cell) deposited ZnO/SnO2 (50:50 Zn:Sn mol%) electrodes fabricated from precursor (2). 
The buffer layer for structure A was deposited 3 times and annealed in argon at 300°C. 
The lack of ZnO/SnO2 features is evidence of the complete coverage of the highly 
structured metal oxide electrode. The CBD In2S3 particles form discrete randomly 
orientated thin sheets on the surface. Although the layer appears to fill the ZnO/SnO2 
pores, the buffer layer retains a highly porous structure, thereby increasing the internal 
surface area of the electrode. The topographical images of the electrodes also reveal the 
adsorption of large In2S3 aggregates of the surface. A magnified view of the aggregates is 
displayed in Figure 49b. The aggregates are formed from the amalgamations of In2S3 
sheets in to spherical structures. As a result the aggregates are hollow and 
approximately 1 μm diameter. Cross sectional images of the CBD layer on the composite 
electrode, show that the aggregates are stacked on top of each other, forming In2S3 
mountains. As a result the In2S3 layer grows up to approximately 12 μm from the top 
surface of the composite electrode.  The thickness of this layer is considerably larger 
than is desired for an ETA solar cell. Ideally the buffer layer should form a conformal 
layer a few hundred nano meters in thickness. In this case both thickness and conformal 
coverage criteria have not been achieved. Consequently an electron generated near the 
top surface of this layer has a considerable distance to travel before arriving at the 
composite layer. In addition the lack of a conformal coverage can result in the absorber 
coming in to direct contact with composite electrode. Therefore the probability of 
charge carrier recombination is increased, and solar cell parameters will be diminished. 
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Figure 49. SEM images of (a, b) the surface of the CBD In2S3 and (c) the cross section of 
CBD In2S3 on the ZnO/SnO2 (50:50 Zn:Sn mol%) electrode deposited from             
precursor (2). 
 
5.3.3  Optical Characterization 
 UV-Vis diffuse reflectance measurements of CBD In2S3 layers on FTO substrates 
were conducted to study the effect of annealing in argon on the bandgap of the material 
(Figure 50). The as-deposited In2S3 displays a maximum diffuse reflectance of 
approximately 37%. Annealing the electrodes at temperatures up to 200°C resulted in a 
slight increase in reflectance in the visible to infra-red region. Further annealing 
(beyond 200°C) resulted in significant reduction of diffuse reflectance. The electrode 
displays a maximum reflectance of ~24% after annealing at 400°C. The drop in the 
reflectance of CBD In2S3 appears to be a direct result of particle coalescence reducing 
the number of light scattering interfaces. 
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Figure 50. (a) UV-Vis diffuse reflectance spectra and (b) Bandgap determination from 
(F(R∞)hv)2 vs. hv plots for as-deposited and annealed at 100, 200, 300 and 400°C CBD 
In2S3 on FTO substrates. 
 
  In addition to reducing the diffuse reflectance of the electrode, the annealing 
temperature causes a red-shift in the optical absorption edge of the In2S3. By 
applying the Kubelka-Munk model to the experimental data, the optical bandgap of 
In2S3 was found by plotting (F(R∞)hv)2 vs. hv (Figure 50b). The bandgap was 
calculated to be 2.28, 2.26, 2.24, 2.18 and 2.10 eV for the as-deposited, 100, 200, 300 
and 400°C annealed In2S3 electrodes respectively. The bandgap of In2S3 is known to 
vary from 2.00 to 2.80 eV depending on the method of preparation.68,165,166,167 
Therefore the experimental values are in good agreement to the literature reported 
bandgap values. The variation in the optical bandgap has been attributed to the 
presence of oxygen in material.167 The increase in the bandap of In2S3 with 
increasing oxygen content has been attributed to the relatively smaller oxygen ions 
reducing in the volume of the In2S3 lattice.168 Consequently, the reduction in the 
bandgap with annealing temperature is an indication of heat treatment reducing the 
oxygen content of the electrode. 
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5.4  Lead Sulfide Absorber  
5.4.1 Material Characterization 
 The light absorber for the ETA solar cell was made by the CBD method. XRD 
studies were conducted to analyse the crystalline phases of the CBD lead sulfide. The 
fabrication of CBD lead sulfide is known to be affected by the type of substrate 
employed. Nucleation of the lead sulfide particles is dependent on surface defects and 
lattice mismatch with the substrate.169,170 If the lattice mismatch is high, the number of 
nucleation sites is reduced, and larger isolated particles are deposited. However if the 
lattice mismatch is small the number of nucleation sites increases and compact films 
with smaller particles are formed.170 Characterization of the PbS grown on the 
FTO/(ZnO,SnO2)/In2S3 electrode is rather challenging due to interference from ZnO and 
SnO2. Hence PbS was prepared on FTO/In2S3 substrate for characterization. Figure 51a 
displays the XRD pattern of as-deposited lead sulfide. The weak reflections (■) were 
indexed to face-centered cubic PbS [01-077-0244]. The as-deposited PbS corresponded 
to the (111), (200) and (220) crystalline planes. Annealing the electrodes in argon 
resulted in the emergence of the (311), (222), (400) and (331) crystalline planes. 
Analysis of the reflections calculated lattice parameters of a = 5.931, 5.921, 5.907, 5.902 
and 5.903 Å for the as-deposited 100, 200, 300 and 400°C annealed electrode 
respectively. The lattice parameter of as-deposited PbS is in close to the literature 
values for cubic PbS.171 The increase in the intensity and the sharpening of the 
reflections suggest an increase in crystallinity and particle size of PbS. This is 
presumably due to particle coalescence. 
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Figure 51. X-ray diffraction patterns of the (a) FTO substrate and CBD lead sulfide on 
FTO substrates (b) as-deposited and annealed at (c) 100°C, (d) 200°C, (e) 300°C and (f) 
400°C in an argon atmosphere. The XRD spectra were normalized to (110) SnO2 
reflection at 2θ = 26.6°. 
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5.4.2  Structural Characterization 
 In this study, structure A was fabricated using a ZnO/SnO2 composite electrode, 3 
layers of CBD In2S3 annealed at 300°C and finished with as-deposited CBD PbS 
deposited for 10 minutes to form the extremely thin absorber layer. The SEM of the 
topography of a typical as-deposited PbS layer is shown in Figure 52. It appears that the 
PbS film is composed of rod-like features. The length of each rod-like feature is less than 
200 nm. It appears that these particles cover the surface of the In2S3 electrode, and fill 
the porous structure of the In2S3 layer. Figure 52b demonstrate that the hollow 
spherical In2S3 aggregates (Figure 49b) have been filled up with PbS. The lack of change 
in the large morphological features of the electrode when compared to the SEM image of 
CBD In2S3 (Figure 49) demonstrates that CBD PbS does not form large aggregates 
during the deposition process. 
 
 
Figure 52.  SEM image (a) and close-up (b) of as-deposited CBD PbS on CBD In2S3 and 
ZnO/SnO2 deposited from precursor (2). 
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5.4.3 Optical Characterization  
 
Figure 53. UV-Vis optical absorption of CBD PbS on CBD In2S3 annealed at 300°C on the 
FTO substrate. 
 
 UV-Vis optical absorption spectroscopy was used to attain the effect of annealing 
on the bandgap of the absorber layer (Figure 53). The absorbance spectra for all the 
electrodes show a weak optical tail due to slight scattering by the nanoparticles. 
Therefore it is difficult to accurately evaluate the bandgaps of the materials. The straight 
line fit of the spectra in the region beyond the wavelength of absorption spectra was 
extrapolated to the x-axis to estimate the optical bandgap. The bandgap of as-deposited 
PbS was estimated to be 1.23 eV. This value is much greater than literature reported 
value for bulk PbS (0.41 eV).119 Therefore, size quantisation of the PbS particles is 
believed to have increased the bandgap of the material. After annealing the electrodes at 
100, 200 and 300°C the bandgaps were estimated to be 1.22, 1.20 and 0.99 eV 
respectively. The bandgap of PbS decreases with increasing annealing temperature, 
which indicates an increase in particle size due to coalescence. The electrode annealed 
at 400°C shows a larger bandgap (1.36 eV) than the rest of the samples, and may be due 
to oxidation of the absorber layer.  
Figure 54 shows the UV diffuse reflectance measurements for CBD PbS on 
FTO/ZnO/SnO2/In2S3 substrates. The CBD PbS electrodes show a high degree of diffuse 
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reflectance in the UV region. The electrodes with as-deposited CBD PbS showed a lower 
degree of reflectance (~14%) when compared to electrodes with only the composite 
electrode and CBD In2S3 layers (~24-37%). The reduction in the diffuse reflectance is 
important as the efficiency of the ETA solar cell is directly related to light harvesting 
properties. By applying the Kubelka-Munk model to the experimental data, the optical 
bandgap of PbS was found by plotting (F(R∞)hv)2 vs. hv (Figure 54b). The bandgap was 
calculated to be 1.65, 1.65, 1.25, 1.05, 1.85 eV for the as-deposited, 100, 200, 300 and 
400°C annealed PbS electrodes respectively. The reduction in the bandgap of PbS with 
increasing annealing temperature (up to 300°C) indicates that the PbS particles have 
coalesced in to larger particles.  Interestingly the electrode annealed at 400°C showed a 
larger bandgap than as-deposited PbS. This may be due to an oxidised layer of PbS on 
the surface of the electrode increasing light harvesting in the visible region of the 
spectra. The bandgap values calculated by diffuse reflectance were calculated to be 
slightly larger than the bandgap values estimated from the absorbance spectra. We 
believe that the gradual slope of the absorption edge estimates a smaller bandgap for 
PbS. However both techniques have demonstrated that the as-deposited PbS films were 
formed from PbS nanoparticles which were affected by size quantisation. As a result the 
bandgap of the particles is larger than the bandgap of bulk PbS. The results also show 
that annealing the electrodes caused particle coalescence and the PbS bandgap 
converges to the bulk PbS value.  
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Figure 54. (a) UV-Vis diffuse reflectance spectra and (b) Bandgap determination from 
(F(R∞)hv)2 vs. hv plots for as-deposited and annealed at 100, 200, 300 and 400°C CBD 
PbS on FTO/ZnO/SnO2/In2S3 substrates. 
 
 In order to control the light absorbance properties of the PbS ETA layer the 
thickness was altered by changing the lead sulfide deposition time. The effect of the PbS 
deposition time on the optical properties of the electrode was studied by diffuse 
reflectance measurements. The diffuse reflectance spectra of the ZnO/SnO2 electrode 
deposited from precursor (2) shows an optical absorption edge in the UV region, and a 
maximum reflectance of approximately 40% in the visible light region (Figure 55a). 
Addition of CBD In2S3 results in a decrease in the reflectance to 30%, and a significant 
red-shift in the optical absorption edge to the visible light region. Increasing the 
deposition time of the CBD PbS layer resulted in a red-shift in the optical absorption 
edge to the infra-red region. As a result the light absorption by the electrode was 
increased. 
 The Kubelka-Munk model was applied to the diffuse reflectance data to find the 
optical absorption threshold of the electrode. Figure 55b displays the (F(R∞)hv)2 vs. hv 
plots for the electrodes and shows that the optical absorption edge shifts to the infra-
red region as the absorber thickness was increased. In the composite electrodes the 
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optical absorption threshold corresponds to the semiconductor with the smallest 
bandgap.  
 
 
Figure 55.  (a) UV-Vis diffuse reflectance spectra and (b) Bandgap determination 
from (F(R∞)hv)2 vs. hv plots for (i) ZnO/SnO2 (50:50 Zn:Sn mol%) electrode deposited 
from precursor (2), (ii) CBD In2S3 annealed at 300°C on ZnO/SnO2 electrode from 
precursor (2) and as-deposited PbS deposited for (iii) 3, (iv) 6, (v) 8, (vi) 10, (vii) 12 and 
(viii) 14 minutes on CBD In2S3/ZnO/SnO2 electrodes. 
 
 Figure 56a shows the optical absorption threshold of the electrode as an effect of 
the PbS deposition time. It was assumed that the optical absorption threshold of the 
electrodes corresponds to the semiconductor with the smallest bandgap. The low 
temperature process of the CBD technique can result in quantum size effects due to the 
potential growth of very small crystallites. The size of the crystallites typically depends 
on the reaction temperature of the CBD bath and annealing temperature of the 
electrode. Quantum size effects typically manifest in nano sized particles, due to 
electrons and holes being confined to a limited volume. As a result the bandgap between 
the conduction and valence band widens. A simple way to describe the effect of the PbS 
particle size on its optical bandgap is to use the effective mass model (Equation 
71).172,173,174 
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 Where E (eV) is the bandgap of the interested semiconductor, Eg (eV) is the bulk 
bandgap, m0 (kg) is the free electron mass, me is the effective mass of an electron, mh is 
the effective mass of a hole, q (C) is the charge on an electron, h (Js) is Planck's constant, 
ε0 is the relative permittivity of a vacuum, ε (Fcm-1) is the dielectric constant of the 
material and R (m) is the radius of the nanoparticle. The last term represents the 
Columbic attraction between an electron and hole and is negligibly small when 
compared to the middle term. This term represents the quantum confinement of an 
exciton in the particle.173  The effective mass model was based on particles suspended in 
a solution, and assumes that particles are spherical. The SEM images (Figure 61) of the 
PbS layer showed that the PbS particles had aggregated to form rod-like features. By 
applying the effective mass model, assuming that the PbS particles are spherical and 
that the optical absorption threshold corresponds to the bandgap of the PbS, the size of 
the nanoparticles can be estimated (Figure 56b). The radius of the PbS deposited for 3, 
6, 8, 10, 12 and 14 minutes were approximately 2.4, 2.5, 2.7, 2.9, 3.2 and 3.9 nm as 
estimated from Figure 56b. It is worth noting that the estimated particle size is 
imprecise as the effective mass of electron can be altered from the bulk value for very 
small particles. However these results do provide an indication of the effect of the CBD 
deposition time on the PbS particle size.119,173  
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Figure 56. (a) The optical absorption threshold estimated from diffuse reflectance 
measurements with respect to the PbS deposition time. (b) Estimation of the PbS 
particle radius from the optical absorption threshold and the effective mass curve. 
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Chapter 6.0  Device Characterization 
6.1  (ZnO,SnO2)  Composite Electrodes: Effect of Zinc Precursor on 
Solar Cell Performance 
The simple variation of the Zn:Sn ratio in the single source precursor solution, 
can significantly influence the composite blend of the metal oxide (Figure 57a). Thus 
carefully controlling this ratio, results in single oxide electrodes of ZnO and SnO2 and 
composite electrodes of ZnO/SnO2 and ZnO/SnO2/Zn2SnO4 being fabricated. The 
alteration of this ratio also allows for the manipulation of the nano-structure and 
internal surface area of the electrode. The schematic representation given in Figure 57b 
shows where the columnar, plate and compact structures lie in relation to the Zn:Sn 
ratio of the precursor solution. This influence over the structure of the films makes the 
AACVD process suitable for a variety of applications.     
 
Figure 57.  Schematic representations of the effect of the Zn:Sn ratio on (a) the 
compounds and (b) the morphology of the deposited electrodes. 
 
The applicability of (ZnO,SnO2) composite electrodes in the ETA solar cell 
configuration were evaluated by employing them in the cell configuration of          
FTO/(ZnO,SnO2)/In2S3/PbS/PEDOT:PSS/Cgraphite/FTO. The composite electrodes were 
annealed in air at 400°C, before cell fabrication to improve particle connectivity and 
hence electron transport within the layer. In ETA solar cells the composite blend, 
morphology, optical absorption threshold, and charge transfer properties of the metal 
oxide electrode play a critical role in the performance of the device. The ETA solar cell 
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concept utilizes the high internal surface area of the nanostructured metal oxide 
electrode to increase the cell’s light harvesting efficiency. The metal oxide electrode is 
not intended to absorb light, but to act as the electron transport medium within the cell. 
Light absorption and charge carrier generation (electron – hole pairs) occurs within the 
absorber layer (PbS). In2S3 was employed as a buffer layer between the metal oxide and 
absorber to reduce charge carrier recombination.110 In these cells, PEDOT:PSS acted as 
the hole transport medium from the absorber to the external circuit, while the Cgraphite 
layer provides an ohmic electrical contact to hole  transport material. The composite 
electrodes of ZnO/SnO2/Zn2SnO4 (60:40 Zn:Sn mol%) and ZnO/SnO2 (50:50Zn:Sn 
mol%) deposited from precursor (1) and (2) were employed in the ETA solar cells. 
 
 
Figure 58. Current-voltage characteristics of ETA solar cells constructed from 
composite electrodes under light and dark conditions. The cells were fabricated using 
both ZnO/SnO2/Zn2SnO4 (60:40 Zn:Sn mol%) and ZnO/SnO2 (50:50Zn:Sn mol%) 
electrodes deposited from (a) precursor (1) and (b) precursor (2). The cells were 
illuminated with AM1.5 simulated light (1000 Wm-2).  
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Table 5. The key characteristics of ETA solar cells (FTO/(ZnO,SnO2)/In2S3/PbS/ 
PEDOT:PSS/Cgraphite/FTO) measured under AM1.5 simulated light. (The Voc is the 
potential difference across the cell; therefore it has been given as a positive value 
throughout the thesis. However due to the sign convention the Voc is measured as a 
negative value). 
Precursor 
Type 
Zn:Sn in 
precursor 
solution  
(mol%)  
Voc (V) Jsc 
(mAcm-2) 
FF η (%) 
Precursor (1) 60:40 0.30 4.93 0.27 0.40 
Precursor (1) 50:50 0.29 5.72 0.33 0.54 
Precursor (2) 60:40 0.30 4.16 0.30 0.37 
Precursor (2) 50:50 0.28 7.52 0.32 0.67 
 
 
J-V characteristics of the solar cells studied in the dark and under AM1.5 
simulated light are shown in Figure 58. Table 5 displays the key photovoltaic 
parameters of the cells for comparison. The ZnO/SnO2/Zn2SnO4 composites displayed a 
relatively low internal surface area compared the ZnO/SnO2 composites for electrodes 
deposited from precursor (1) and (2) (Figure 27 and 34). This was a result of the 
significantly larger Zn2SnO4 particles in the electrode. As a result the internal surface 
area of the electrode was reduced and appears to be the main reason for the observed 
low J-V performance of the ETA cell constructed using the ZnO/SnO2/Zn2SnO4 
composites. Our results demonstrate the suitability of employing the ZnO/SnO2 
composite electrodes with their columnar type structures in photovoltaic devices and 
the potential use of (ZnO, SnO2) electrodes in other optoelectronic applications. From 
the results, it is clear that the ZnO/SnO2 electrode deposited from precursor (2) 
outperformed the electrode from precursor (1). Therefore further studies were 
conducted with (ZnO,SnO2) electrodes deposited from precursor (2) to optimize the cell 
performance. 
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6.2  Effect of the Annealing Temperature on the ZnO/SnO2 Composite 
Electrode 
 The effect of post deposition annealing temperature on the metal oxide 
electrodes was investigated. Electrodes fabricated from 50:50 mol% Zn:Sn from 
precursor (2) were used in this study due to their large internal surface area being a 
necessary requirement of ETA solar cells. It is believed that annealing the metal oxide 
layer improves inter-particle necking, reduces defects within the electrode, and 
improves electron transport which is a key factor in the performance of ETA solar cells. 
 
Figure 59. The effect of post deposition annealing of the 50:50 mol% Zn:Sn composite 
electrode deposited from precursor (2) on the performance of the ETA solar cell. (a) Jsc, 
(b) Voc, (c) FF and (d) η vs. annealing temperature. 
P a g e  | 143 
 
The composite electrodes were annealed in air at temperatures ranging between 
200 – 500°C, and were used to fabricate ETA solar cells. Figure 59 shows the 
photovoltaic characteristics of the cells with respect to the annealing temperature of the 
metal oxide layer. As the annealing temperature of the ZnO/SnO2 electrodes was 
increased to 400°C, the Jsc and η of the cells increased. This improvement is believed to 
be due to better electron transport routes in the composite electrode. Further increase 
of the annealing temperature resulted in the cell performance diminishing (i.e. Jsc, η). 
Figure 60 shows selected SEM images ZnO/SnO2 electrodes annealed over the 0 to 
500°C range.  SEM investigations of the surfaces of the ZnO/SnO2 electrodes reveal that 
annealing above 300°C leads to an increase in particle size (Figure 60). The composites 
annealed above 400°C displayed complete particle coalescence resulting in the 
reduction of the internal surface area of the metal oxide electrode. This significant 
change in morphology was reflected by a drop in Jsc and hence device efficiency. The 
lack of change in the Voc, suggests that the energetics of the ETA cell remain unchanged 
with the variation of post deposition annealing temperature.  
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Figure 60. Topographical SEM images of the surface of ZnO/SnO2 electrodes deposited 
from 50:50 mol% Zn:Sn precursor (2) for (a) as-deposited and annealed electrodes at 
(b) 300°C, (c) 400°C and (d) 500°C. 
 
 The maximum ETA solar cell performance was observed when the composite 
electrode was annealed at 400°C. The morphology of the ZnO/SnO2 deposited on FTO 
substrates and subsequently annealed at 400°C was investigated using SEM (Figure 61). 
The composites showed needle-like structures with diameters ranging from                     
150 – 200 nm. The small needle-like structures grew up from the surface of the 
substrate at different angles, due to the uneven morphology of the FTO substrate. The 
growth of many of these needles in close proximity resulted in an approximately 1 μm 
thick compact layer near the FTO substrate. The needle-like structures which have 
grown perpendicular to the FTO substrate continued growing upwards towards the 
surface. As a consequence the electrode has a high internal surface area.  The surface 
roughness of the electrodes was calculated by analysing 10  10 μm2 surface area from 
AFM images of the composite layer (Figure 61c-d). The estimated root mean square 
(RMS) surface roughness of the film was 95 nm while the surface area for this portion 
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(10  10 μm2) was 146 μm2. The surface roughness and areas calculated from the AFM 
images represent a lower limit for the samples as the resolution of the AFM images 
show only the top ~0.6 µm of the composite electrode. 
 
  
Figure 61. FEGSEM (a & b) and AFM (c & d) images of the surface and cross section of 
the ZnO/SnO2 electrodes deposited from 50:50 mol% Zn:Sn precursor on FTO, and 
annealed at 400°C. 
 
As in the DSSC, the ETA cell concept relies on the porous metal oxide electrode 
being transparent in the visible region of the solar spectra, providing a large internal 
surface area as well as facilitating charge transport. Therefore the morphology of the 
composites fabricated from 50:50 Zn:Sn mol% precursor (2) solutions makes them 
suitable for constructing the ETA cells. Previous studies on ZnO nanorod and 
nanoparticle based electrodes in DSSCs have shown that charge transport was “tens to 
hundreds of times faster” in the nanorod electrodes.175 In our composite electrodes the 
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needle-like structures grew almost perpendicular to the substrate surface and in 
principle should facilitate an easy passage for electron transport through the electrode. 
 
Figure 62. J-V curve of an ETA cell under light and dark conditions constructed from 
ZnO/SnO2 electrodes deposited from 50:50 mol% Zn:Sn precursor (2) solution and 
annealed at 400°C. The cell was illuminated with AM1.5 simulated light (~1000 Wm-2).  
 
           Figure 62 shows the full J-V characteristics curve of the ETA solar cell prepared by 
using a ZnO/SnO2 electrode annealed at 400°C. The light and dark current was recorded 
by manually chopping the AM1.5 Class A solar simulated light beam at regular intervals. 
The cell showed good rectification with a very low dark current. In order to find the 
electrical properties such as series resistance, RS and shunt resistance, RSh, the J-V 
characteristics were fitted with the diode equation for a thin film photovoltaic cell 
(Equation 23).89 For the J-V curve shown in Figure 62, the RS of the cell was estimated to 
be 23 Ωcm2 and RSh of 179 Ωcm2 for the cell under illumination. The relatively low Voc 
(0.32 V) and Jsc (8.2 mAcm-2) measured for the cell reflect the low RSh and high RS. As a 
result of these parasitic resistances, the FF (0.26), and η (0.68 %) of the cell remains 
low. The results obtained in the present study are close to the values reported for the 
TiO2/ In(OH)xSy / PbS/ PEDOT:PSS ETA solar cells.121  
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6.3  Effect of ZnO/SnO2 Thickness on Solar Cell Performance 
The thickness of the composite electrodes was controlled by varying the 
deposition time. Figure 63 shows the effect of the length of the deposition process on 
the cross-sectional thickness of ZnO/SnO2 electrodes deposited from 50:50 Zn:Sn mol% 
precursor (2) solutions. The results demonstrate that the relationship between the 
deposition time and the electrode thickness is non-linear. The lower cross-sectional 
thicknesses during the initial stages of growth appear to be the result of a slow 
nucleation process on the substrate surface. The depth of the electrodes was evaluated 
from SEM images. Figure 63b-e shows cross-sectional SEM images of selected 
composite electrodes. When the deposition time for the electrodes was ≤ 30 minutes, 
the ZnO/SnO2 needles were clearly visible growing up from the substrate surface. After 
30 minutes of deposition, the first 1 μm close to the substrate becomes highly compact, 
while the remainder of the electrode was porous. Increasing the deposition time 
resulted in the length of the needles increasing. In addition smaller needles branch off 
the larger needles, increasing the porosity but reducing the width of the void space. 
Therefore the longer the deposition times the higher the internal surface area of the 
composite. 
 
 
Figure 63. (a) Effect of AACVD deposition time on the cross-sectional thickness of the 
precursor (2) composite electrode. SEM images of the cross-section of ZnO/SnO2 
electrodes deposited for (a) 15, (b) 30, (c) 60 and (d) 75 minutes. 
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The effect of the ZnO/SnO2 electrode thickness on the PV performance of the ETA 
cells is shown in Table 6. The ETA cell concept relies on the metal oxide layer having a 
high surface area, to increase the light harvesting properties of the cell. Therefore it was 
expected that as the thickness of the composite layer was increased, the J-V 
performance of the cells would improve. Table 6  shows that as the deposition time of 
the composite was increased from 15 to 30 minutes, the Jsc of the cell increased.  Further 
increasing the thickness of this layer resulted in a small reduction in photocurrent. The 
decrease in Jsc could be due to the penetration depth of the buffer and absorber layer in 
to the composite electrode being limited. The CBD In2S3 layer was observed to 
aggregate readily; consequently the penetration of In2S3 in to the ZnO/SnO2 matrix is 
restricted by the width of the void spaces in the electrode. Therefore the surface area of 
the composite electrode close to the substrate remained unexploited. Although 
increasing the thickness of the composite electrode improves the shunt resistance, it 
also leads to an increase in series resistance resulting in a drop in the FF and η of the 
cell. 
 
Table 6. The effect of the composite electrode thickness on the J-V performance of ETA 
solar cells. 
ZnO/SnO2 
Deposition 
Time (min) 
ZnO/SnO2 
Thickness 
(μm) 
Jsc 
(mAcm-2) 
Voc 
(V) 
FF η 
(%) 
Rs in the 
light 
(Ωcm2) 
Rs in the 
dark 
(Ωcm2) 
Rsh in 
the light 
(Ωcm2) 
Rsh in 
the dark 
(kΩcm2) 
15 1.0  4.92 0.30 0.36 0.54 27 55 161 2.53 
30 2.1 7.56 0.30 0.33 0.74 22 26 220 1.58 
45 3.6 6.00 0.32 0.33 0.63 29 39 387 3.33 
60 6.4 6.23 0.32 0.32 0.64 33 56 299 133.33 
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6.4  (ZnO,SnO2) Composite Electrodes: Effect of Zn:Sn Ratio in the 
Precursor on Solar Cell Performance 
The key photovoltaic characteristics of the FTO/(ZnO,SnO2)/In2S3/PbS 
/PEDOT:PSS/Cgraphite/FTO ETA cells with respect to the Zn mol% in the precursor (2) 
solutions used to fabricate the composite electrodes is shown in Figure 64. In this study 
the metal oxide electrode was annealed at 400°C in air for 60 minutes. As the Zn mol% 
of the precursor solution was gradually increased up to 50 %, the Jsc of the cell was 
observed to increase. For Zn mol% >50 % the Jsc decreased rapidly. The rise in the Jsc 
can be attributed to the increase in the internal surface area of the composite electrode, 
as the morphology changed from compact to columnar structures as the Zn:Sn mol% of 
the precursor was varied from 0:100 to 50:50 Zn:Sn mol% (Figure 39). From 60:40 to 
100:0 Zn:Sn mol% the morphology of the metal oxide electrodes varied from compact to 
nano-plates. However, the reduction in the Jsc in this range is believed to be due to 
destruction of the nano-structure due to the dissolution of ZnO in the acidic In2S3 
reaction bath. Variation of the Zn content in the precursor solution had little effect on 
the Voc and FF of the cells. The highest performing cell was fabricated from composite 
electrodes deposited from 50:50 Zn:Sn  mol%. The Voc, FF and Jsc of the cells fabricated 
from these composites remained in the range of 0.28 - 0.32 V, 0.28 - 0.30 and 7.0 - 8.2 
mAcm-2 respectively, indicating the reproducibility of the ETA solar cells constructed 
under these conditions.  
The series and shunt resistance of the cells under dark and illuminated 
conditions were calculated and related to the Zn:Sn mol% in precursor of the metal 
oxide electrodes (Figure 65a). Under illuminated conditions both the series and shunt 
resistances of the cells were considerably smaller than the values found under dark 
conditions. The decrease in resistance is a direct result of the photogenerated charge 
carriers increasing the conductivity of the semiconductor layers. From 0:100 to 50:50 
Zn:Sn mol%, the series resistance was observed to decrease. This is believed to be due 
to increased ZnO in the composites improving electron transport through the electrode. 
When composite electrodes deposited from 60:40 to 100:0 Zn:Sn mol% precursors 
were employed in the cells, the series resistance increased significantly. Although the 
increased Zn content was expected to improve the conductivity and hence reduce the 
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resistance of the materials, the resistance increased. The acidic buffer layer bath is 
believed to affect the composite by dissolving the ZnO in the electrode. As a result 
defects with the composite layer can be increased, thereby resulting in increased charge 
carrier recombination and increased cell resistance. The large series resistance results 
in a drop in Jsc of the cell. The effect of the Zn:Sn ratio in the precursor on the shunt 
resistance of the cell is more complicated, as both the morphology and composite blend 
of the metal oxide electrode is affected (Figure 65b). 
 
Figure 64. The effect of the Zn mol% in the precursor (2) solution on the photovoltaic 
performance of the ETA solar cells. (a) Jsc, (b) Voc, (c) FF and (d) η vs. Zn mol% measured 
under AM1.5 simulated light. 
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The shunt resistance is affected by both charge carrier recombination and short 
circuiting within the cell. Therefore highly structured electrodes can result in pin holes 
providing access to the FTO substrate and short circuiting. Hence the shunt resistance 
will decrease. When the metal oxide is deposited from 0:100 Zn:Sn mol%, the electrodes 
were composed of SnO2 (Figure 38). Although this layer is compact, the conductivity of 
the SnO2 layer is high due to the chloride ions of the precursor. Therefore the back 
transport of electrons and charge carrier recombination was increased and the shunt 
resistance of these cells were low. The motivation behind the fabrication of ZnO/SnO2 
composite electrodes is a reduction in charge carrier recombination due to ZnO/SnO2 
heterojunctions within the electrode improving charge separation.176 When the Zn:Sn 
ratio was ≤ 50:50 Zn:Sn mol%, ZnO/SnO2 composite electrodes were fabricated. As a 
result, the shunt resistance of the electrodes increased due to improved charge carrier 
separation.  However, the formation of small columnar structures in the ZnO/SnO2 
composite (30:70 and 40:60 Zn:Sn mol%) also results in pin holes within the electrode 
and reduction in shunt resistance. The cells fabricated from 50:50 Zn:Sn mol% 
electrodes also has columnar needle-like structures, however the orientation and width 
of the needles results in the first 1 μm of the electrode being highly compact (Figure 61).  
Therefore the shunt resistance of these cells is high. When the cells are fabricated from 
electrodes deposited from 60:40 Zn:Sn mol%, the series resistance of the cell decreases 
significantly. At 60:40 Zn:Sn mol% concentrations, ZnO/SnO2/Zn2SnO4 electrodes were 
fabricated. After the deposition of the In2S3 layer, it is possible for a significant number 
of pin holes to be formed where the ZnO was deposited within the electrode. 
Consequently the shunt resistance of the cell decreased. As the Zn content in the 
precursor was increased from 60 to 100 mol%, the shunt resistance of the cell rose. In 
this region the photocurrent produced by these cells was decreased by the high series 
resistance of the cells. Consequently the shunt resistance in the cells increased. 
Therefore the best cells were fabricated from composite ZnO/SnO2 electrodes deposited 
from 50:50 Zn:Sn mol% precursor (2) solutions. These cells combined a low series 
resistance with a high shunt resistance. 
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Figure 65. (a) Series Resistance and (b) Shunt Resistance under illumination, and (c) 
Series Resistance and (d) Shunt Resistance in the dark with respect to the Zn content in 
the precursor (2) solution used to fabricate (ZnO,SnO2) composite electrodes. 
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6.5  Effect of Each Layer in the ETA Solar Cell on the PV Performance  
In this study, structure A type cells have the following configuration; 
FTO/composite/In2S3/PbS/PEDOT:PSS/Cgraphite/FTO. The composite electrodes used in 
structure A type solar cells, were fabricated from 50:50 Zn:Sn mol% precursor (2) 
solutions.  The thickness of the ZnO/SnO2 electrodes was fixed by depositing the layers 
for 30 minutes and then underwent post-deposition annealing in air at 400°C for 1 hour. 
In the structure A cell, 3 layers of CBD In2S3 were deposited and annealed at 300°C in an 
argon atmosphere to form the buffer layer, while un-annealed CBD PbS deposited for 10 
minutes acts as the absorber. A layer of PEDOT:PSS was coated on the surface of the 
electrode, and the cell was finished with a graphite covered FTO glass substrate to act as 
the counter electrode. The full fabrication processes for each layer can be found in the 
Chapter 3.0. To demonstrate the effect of each layer on the performance of the ETA 
solar cell, J-V curves were measured by removing one or more layers from the device 
(Figure 66-63).  The cells measured had the following configurations;  
(i)  FTO/ ZnO/SnO2 /PEDOT:PSS/Cgraphite/FTO,   
(ii)  FTO/ ZnO/SnO2 /In2S3/PEDOT:PSS/Cgraphite/FTO,  
(iii)  FTO/ ZnO/SnO2 /PbS/PEDOT:PSS/Cgraphite/FTO,  
(iv)  FTO/In2S3/PbS/PEDOT:PSS/Cgraphite/FTO,  
(v)  FTO/ ZnO/SnO2 /In2S3/PbS/PEDOT:PSS/Cgraphite/FTO  (structure A). 
 The cells were first measured without the PEDOT:PSS layer, consequently the 
circuit was completed by the intimate contact between the semiconductor and the 
graphite (Cgraphite) layer. The J-V curves displayed similar shapes, to the cells with 
PEDOT:PSS. However the electric currents in cells measured without the polymer layer 
were in the micro-amps (μA) range, while those measured for cells with the polymer 
were in the milli-amps (mA) range. Consequently the PEDOT:PSS layer improves the 
electrical conduction in the solar cell. 
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Figure 66. (a) Linear-linear J-V curves and (b) semi-logarithmic J-V curves of a FTO/ 
ZnO/SnO2 /PEDEOT:PSS/Cgraphite/FTO structures under dark and AM1.5 simulated light.  
 
Figure 66, displays the J-V curves for the FTO/ ZnO/SnO2 /PEDEOT:PSS/Cgraphite 
/FTO cell structure. The cells fabricated from the composite and polymer layers form 
rectifying devices. However, the cells displayed no photovoltaic activity, and were only 
photoconducting. Under dark conditions both the series and shunt resistances were in 
the order of kΩcm2 (Table 7). After the cells were illuminated the conductivity of the 
composite layer increased significantly, and the series resistance of the cell was reduced 
drastically. The shunt resistance in the cell also demonstrated a considerable drop, 
suggesting a large amount of charge carrier recombination. From the gradient of the 
semi-logarithmic J-V curves under forward bias, the ideality factor, n of the cell can be 
calculated (Equation 72).  
  
 
        
    (72) 
 Where q is the electronic charge, G is the gradient of the J-V curve, k is 
Boltzmann's constant, T is the temperature. For an ideal diode, n is equal to 1.00 and 
charge carriers overcome the potential barrier by thermionic emission. When n is equal 
to 2.00, charge carrier recombination in the space charge region is dominant. In a 
practical device, both mechanisms take place and n is a value between 1.00 and 2.00. 
However, if electron tunnelling plays a considerable role in the cell due to a thinner 
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depletion region, n will be greater than 2.00. At larger forward bias voltages the series 
resistance also reduces the current, increasing the value beyond 2.00. Therefore in a 
practical device, the value of n depends on the thermionic resistance, charge carrier 
recombination, electron tunnelling and series resistance. 
For this cell, n was found to be approximately 1.52 in the dark, and 1.36 under 
illumination. The high ideality factors (n > 1) indicate charge recombination in the space 
charge region. Figure 66 shows high photocurrents were only observed after a large 
bias (> 0.5 V) was applied to the cell. Figure 16 shows the band alignment diagram for 
ETA cells with structure A type configurations. The figure shows that there are large 
energy gaps between the energy bands of ZnO/SnO2 and PEDOT:PSS. These large 
energy off sets create unfavourable conditions for electron and hole transport across 
the heterojunction. 
 
Table 7. The effect of the composite, buffer and absorber layer on the photovoltaic 
performance of the ETA solar cell. 
Cell Structure Jsc  
(mAcm-2) 
Voc  
(V) 
FF η  
(%) 
Rs in the 
light 
(Ωcm2) 
Rs in the 
dark 
(Ωcm2) 
Rsh in 
the light 
(Ωcm2) 
Rsh in 
the dark 
(Ωcm2) 
n in 
the 
light 
n in 
the 
dark 
FTO/ 
ZnO/SnO2 / 
PEDOT:PSS/ 
Cgraphite/FTO  
- - - - 55 1143 41 1.20×106 1.36 1.52 
FTO/ 
ZnO/SnO2 / 
In2S3/ 
PEDOT:PSS/ 
Cgraphite/FTO  
0.02 0.06 0.24 2.92×10-4 221 285 47 1.22×104 2.84 1.57 
FTO/ 
ZnO/SnO2 / 
PbS/ 
PEDOT:PSS/ 
Cgraphite/FTO 
0.30 0.29 0.34 0.03 158 196 171 7.14×104 2.52 1.48 
FTO/PbS/In2S3
/ PEDOT:PSS/ 
Cgraphite/FTO 
1.93 0.26 0.25 0.13 107 114 115 126 1.68 1.32 
FTO/ 
ZnO/SnO2 / 
In2S3/PbS/ 
PEDOT:PSS/ 
Cgraphite/FTO 
7.05 0.32 0.30 0.69 32 43 285 6.68×103 1.34 1.24 
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Figure 67. (a) Linear-linear J-V curve and (b) semi-logarithmic J-V curve of a FTO/ 
ZnO/SnO2 /In2S3/ PEDEOT:PSS/Cgraphite/FTO under dark and AM1.5 simulated light. 
 
The addition of the In2S3 buffer layer to the cell (Figure 67) displays similar J-V 
characteristics to the FTO/ ZnO/SnO2 /PEDOT:PSS/Cgraphite/FTO cell. The FTO/ 
ZnO/SnO2 /In2S3/PEDOT:PSS/Cgraphite/FTO cell also shows rectifying characteristics. 
The semi-logarithmic J-V curve under illumination shows that the cell has a very small 
photovoltaic effect. In the dark the n was found to be 1.57, suggesting large charge 
carrier recombination in the space charge region. However, when the cell is illuminated 
n was found to be greater than 2.00, which indicates that a large degree of electron 
tunnelling and recombination occurs (Table 7).  In this instance the high photocurrents 
were observed after a slightly lower bias (> 0.3 V) than for the composite-polymer cell 
was applied. This is due to the low energy off set between the conduction bands of the 
In2S3 and ZnO/SnO2, being favourable for the injection of photogenerated electrons 
from the buffer to the metal oxide layer (Figure 16).  However the photovoltaic effect of 
the cell remains small possibly due to poor hole transport between the In2S3 and 
PEDOT:PSS layer. The poor hole injection at this interface may be due to large energy 
gap between the valence band of the In2S3 and HOMO level of the PEDOT:PSS layer 
(Figure 16). 
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Figure 68. (a) Linear-linear J-V curve and (b) semi-logarithmic J-V curve of a FTO/ 
ZnO/SnO2 /PbS/ PEDEOT:PSS/Cgraphite/FTO under dark and AM1.5 simulated light. 
 
 When the device is fabricated without the In2S3 layer, the cell displays 
photovoltaic characteristics (Figure 68). This effect is due to the valence band of PbS 
being close to the PEDOT:PSS layer for favourable hole injection between the materials 
(Figure 16). For a good cell, the series resistance is required to be as low as possible, 
thereby demonstrating that the resistance of the materials to current flow is low.89 
However in this case the series resistance was high, resulting in the low Jsc (Table 7). In 
this cell, n is also greater than 2.00, suggesting a high level of electron tunnelling and 
recombination processes. For the FTO/ ZnO/SnO2 /PbS/PEDOT:PSS/Cgraphite/FTO cell to 
function, the bandgap of the absorber must be sufficiently large to negatively shift the 
position of the PbS conduction band  higher than the composite (Figure 16). Therefore 
the size of the PbS particles must be in the 1 to 10 nm size range to utilise quantum size 
effects.  
 Figure 69 displays the J-V curves of the cells fabricated without the ZnO/SnO2 
layer. In this case the In2S3 acts as the electron transport layer in the cell. The presence 
of PbS results in the cell displaying photovoltaic characteristics. Although the Jsc of this 
cell was higher than for the FTO/ ZnO/SnO2 /PbS/PEDOT:PSS/Cgraphite/FTO device, the 
shunt resistance was low under both dark and illuminated conditions. This indicates 
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that there is a large current leakage through the cell. Consequently charge carrier 
recombination has increased, which is indicated by the relatively high dark current and 
ideality factor (Table 7). The performance of this cell confirms the requirement of the 
composite layer in the ETA solar cell to act as a blocking/barrier layer. 
 
Figure 69. (a) J-V curve and (b) semi-logarithmic J-V curve of a FTO/In2S3/ 
PEDEOT:PSS/Cgraphite/FTO under dark and AM1.5 simulated light. 
 
 The J-V curves for one of the highest performing structure A devices (FTO/ 
ZnO/SnO2 /In2.S3/PbS/PEDOT:PSS/Cgraphite/FTO) are shown in Figure 70. In this case 
the ideality factor was 1.24 in the dark and 1.34 under illumination. The relatively high 
shunt resistance confirms the decrease in charge carrier recombination by the inclusion 
of the ZnO/SnO2 layer in the device. As a result the Voc of the cell increased. In addition 
the high internal surface area of the composite electrode improves the Jsc.  
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Figure 70. (a) Linear-linear J-V curve and (b) semi-logarithmic J-V curve of a FTO/ 
ZnO/SnO2 /In2S3/PbS/PEDEOT:PSS/Cgraphite/FTO under dark and AM1.5 simulated light. 
 
 
6.6 Effect of In2S3 Annealing Temperature on Cell Performance 
 The effect of annealing the In2S3 buffer layer on the PV performance of the cell is 
shown in Figure 71. The results demonstrate performance of the cells increases as the 
annealing temperature was increased. Optimum cell performance occurred after the 
In2S3 layer was annealed at 300°C. Annealing improves the electrical contacts between 
individual In2S3 particles, and the In2S3 particles and the composite electrode. In 
addition heat treatment improves the crystallinity of this layer and can anneal out 
detrimental defects. As a result the electrical properties of the buffer layer were 
improved. The series and shunt resistances were calculated from the gradient of the J-V 
curves of the cells under forward and reverse bias respectively. The enhancement in the 
electrical conductivity of this layer is demonstrated by the decrease in series resistance 
with respect to the annealing temperature (Table 8). However, the improvement in 
series resistance is accompanied by a drop in shunt resistance which results in the 
gradual decrease in FF with respect to the In2S3 annealing temperature. 
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Figure 71. The effect of In2S3 annealing temperature on the photovoltaic performance 
of the ETA solar cells. (a) Jsc, (b) Voc, (c) FF and (d) η vs. annealing temperature. 
Illuminated with 1000 Wm-2 halogen light. 
 
 Although heat treatment improves particle-particle connectivity in 
semiconductors, raising the temperature to high values can result in the agglomeration 
of particles. Coalescence of the In2S3 particles can result in the void space in the 
composites becoming blocked, and results in a reduction to the internal surface area of 
the electrode. Annealing also results in optical changes to the In2S3 layer, with increased 
absorbance and reflectance in the visible light region. Therefore the reduction in the 
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surface area and light transmitted to the PbS absorber layer caused a reduction in the 
cells Jsc when the In2S3 layer was annealed at 400°C (Figure 71).  
 
Table 8. The effect of the buffer layer annealing temperature on the series and shunt 
resistance. 
In2S3 Annealing 
Temperature 
(°C) 
Rs in the 
light 
(Ωcm2) 
Rs in the 
dark 
(Ωcm2) 
Rsh in the 
light 
(kΩcm2) 
Rsh in 
the dark 
(kΩcm2) 
0  166 970 0.70 100 
100 457 849 0.69 2.35 
200 51 60 0.51 1.61 
300 24 31 0.35 2.39 
400 115 403 0.23 2.16 
 
 
6.7  Effect of the Annealing Temperature of PbS on PV performance of 
the ETA Solar Cells 
 Heat treatment of the absorber layer on the composite/buffer electrode showed 
the improved crystallinity of PbS with increasing temperature (Figure 51). Therefore it 
was expected that improvement to electrical conductance the PbS layer and ETA cell 
performance with annealing temperature. However it was observed that optimum ETA 
cell performance occurred when as-deposited PbS was employed in the cell. Figure 72 
shows the effect of annealing temperature on the PV performance of the ETA solar cell. 
As the temperature was increased, a significant drop in photocurrent was observed.   
UV-Vis absorption spectroscopy revealed that the optical bandgap of PbS decreased as 
the annealing temperature was increased due to particle coalescence. Consequently the 
reduced photocurrent may be due to the change in the position of the PbS conduction 
and valence bands. Annealing narrows the bandgap, and positively shifts the conduction 
band, thereby making injection of electrons from the absorber to the composite layer 
unfavourable (Figure 16). The increase in particle size also results in longer electron 
transport times in the absorber and increased charge carrier recombination. This 
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accounts for the drop in Voc with increased annealing temperature. The increase in 
charge recombination is reflected by the reduced shunt resistance in the cells. 
 
 
Figure 72. The effect of PbS annealing temperature on the photovoltaic performance of 
the ETA solar cells. (a) Jsc, (b) Voc, (c) FF and (d) η vs. annealing temperature. 
Illuminated with 1000 Wm-2 halogen light. 
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Table 9. The effect of the absorber layer annealing temperature on the series and shunt 
resistance. 
PbS 
Annealing 
Temperature 
(°C) 
Rs in the 
light 
(Ωcm2) 
Rs in the 
dark 
(Ωcm2) 
Rsh in the 
light 
(Ωcm2) 
Rsh in the 
dark 
(Ωcm2) 
0  24 28 173 902 
100 39 365 192 3140 
150 87 347 77 87 
200 18 21 25 37 
250 50 197 28 50 
300 36 35 38 57 
400 36 31 83 111 
 
6.8  The Effect of PbS Deposition Time on ETA Solar Cell Performance 
 The deposition parameters of the absorber (PbS) layer play a critical role in the 
ETA cells performance. In particular the deposition time of PbS is crucial as changes to 
both the thickness and particle size affects the optical absorption properties of this 
layer. Figure 73 shows the effect of PbS deposition time on the PV performance of the 
cells. The Jsc of the cells was observed to increase with deposition time, and optimum 
cell performance occurred with 10 minutes deposition. However as the deposition 
proceeds further, increasing the time resulted in a steady decrease in Jsc.  Diffuse 
reflectance spectroscopy demonstrated that as the deposition time increased the 
bandgap of PbS decreased due to enlarged particle size. As a result electron transfer 
from the PbS to the In2S3, and then to the composite layer is hindered (Figure 16).  
Initially the series resistance of the cell dramatically decreases with deposition time. 
These results demonstrate the requirement of the PbS layer for charge carrier 
transport. The application of the PbS layer resulted in a significant decrease to the 
series resistance of the cell, indicating improved conductivity and electron transport. As 
the PbS deposition time exceeds 13 minutes the series resistance rises. A similar trend 
to the effect of deposition time on Jsc was observed on the Voc (Figure 73b). The results 
show that a certain amount of PbS must be deposited for the cell to demonstrate a 
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photovoltaic effect. A Voc of 0.30 V was achieved after the deposition of PbS for                 
3 minutes. After the deposition time exceeds 5 minutes, the Voc of the cell gradually 
decreased. The decreasing trend was observed to be the effect of increased particle size 
effecting the band positions of PbS and increased absorber thickness enhancing charge 
carrier recombination within this layer. The higher charge carrier recombination rate is 
demonstrated by the significant drop in shunt resistance with respect to the PbS 
deposition time (Figure 74b and d). 
 
Figure 73.  The effect of PbS deposition time on the photovoltaic performance of the 
ETA solar cells. (a) Jsc, (b) Voc, (c) FF and (d) η vs. deposition time. Illuminated with 
AM1.5 simulated light. 
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Figure 74. The effect of PbS deposition time on the series and the shunt resistance of 
the ETA solar cells. (a) Rs, (b) Rsh, (c) Rs and (d) Rsh vs. PbS deposition time. Illuminated 
with AM1.5 simulated light. 
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6.9 Analysis of the Optimized ETA Cell 
6.9.1 Reproducibility of the ETA Solar Cell 
 
Figure 75. Histograms of structure A type ETA solar cells; the number of cells measured 
against (a) Jsc, (b) Voc, (c) FF and (d) η vs. the number of cells. Measured under AM1.5 
simulated light. 
 
Figure 75 shows histograms of the structure A; FTO/ ZnO/SnO2 / 
In2S3/PbS/PEDOT:PSS/Cgraphite/FTO ETA solar cells. Maximum Jsc of the cell ranged from 
5 to 9 mAcm-2, while Voc ranged from 0.28 to 0.30 V. The FF of the cells remained fairly 
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constant at 0.32, while the η of the cells ranged from 0.60 to 0.80%. These results 
demonstrate the reproducibility of the Voc, FF and η of the cells. However, the Jsc 
remained highly variable and further optimisation of the In2S3 and PbS deposition 
procedures is required to improve reproducibility. 
 
6.9.2 Effect of Light Intensity on the J-V performance. 
 
Figure 76. J-V curve of a structure A ETA cell under dark conditions and simulated light 
with intensities of 200, 400, 600, 800 and 1000 Wm-2.  
 
The intensity of the light incident to the cell is directly related to the number of 
charge carriers generated in the cell. Figure 76 shows the effect of light intensity on the 
J-V performance of a structure A ETA solar cell. In an ideal diode the Jsc should increase 
proportionally with respect to light intensity. As expected the Jsc increases almost 
linearly with increased power input to the cell (Table 10). In theory the Voc increases 
rapidly with increasing light intensity and then saturates to a maximum value which is 
limited by the built in potential barrier of the cell. However in this case the Voc of the cell 
increased non-linearly with light intensity and shows no indication of saturating. This 
trend in the Voc is an indication of a high degree of charge carrier recombination and 
generation sites within the cell. The FF on the other hand, remained fairly constant, 
indicating little or no change to the series and shunt resistance. The efficiency of the cell 
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was also observed not to improve proportionally with light input, and followed a similar 
trend to the Voc of the cell. 
 
Table 10. The J-V performance of a structure A type ETA solar cell with respect to the 
light intensity. 
Light 
Intensity 
(Wm-2) 
Jsc  
(mAcm-2) 
Voc  
(V) 
FF η  
(%) 
200 1.31 0.16 0.31 0.07 
400 2.05 0.18 0.33 0.12 
600 3.78 0.21 0.29 0.22 
800 5.64 0.23 0.28 0.36 
1000 7.84 0.29 0.29 0.66 
 
 
6.9.3  Effect of Light Soaking on the J-V Performance. 
 Before J-V measurements, pre-conditioning by light soaking has been used as a 
method for improving the PV performance of an ETA solar cell.177 The J-V curve of the 
cell was first measured in the dark, and then under AM1.5 simulated light (0 min). 
These curves are shown in Figure 77. The cell was then exposed to AM1.5 simulated 
light for 3 minutes, and the J-V curve was once again measured under illumination. 
These measurements were repeated by increasing the total time the cell was exposed to 
AM1.5 simulated light to 5, 10, 15, 20, 60 and 120 minutes (Figure 77). The cell was also 
measured in the dark after the 60 and 120 minute light soakings.  
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Figure 77. J-V curves of an structure A type ETA cell dark conditions and simulated light 
after soaking in AM1.5 simulated light for 0, 3, 5, 10, 20, 60 and 120 minutes. 
 
 Figure 78 shows the J-V performance of the cell with respect to the time was 
soaked in the cell. The Jsc was observed to increase as the time the cell was soaked in 
light was ≤ 10 minutes. The improvement in photocurrent can be attributed to the 
saturation of defects with photogenerated charge carriers. In addition light soaking can 
increase the internal temperature of the cell, thereby improving electrical contact to the 
graphite electrode. These effects resulted in the improved conductivity and hence 
reduced series resistance (Table 11). As the light soaking time was increased the Jsc of 
the cell gradually reduced. This trend can be attributed to increased cell temperature 
hindering charge carrier transport. The Voc on the other hand, decreases significantly 
with light soaking time and starts to saturate to approximately 0.23 V.  However with 
increase in the Jsc it was expected that the Voc would also improve. Therefore the 
decrease in the Voc suggests deterioration in the potential barrier height, as a result of 
changes to the quasi Fermi levels in the space charge region and defects within this 
region not being passivated by the photogenerated charge carriers. Increase in charge 
carrier recombination is reflected by the reduction in shunt resistance (Table 11). The 
reduction in  FF is much smaller, while  the efficiency of the cell follows a similar trend 
to the Voc with light soaking time. These results show significant issues to the long term 
stability of the solar cells. 
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Figure 78. The effect of light soaking on the photovoltaic performance of the ETA solar 
cells. (a) Jsc, (b) Voc, (c) FF and (d) η vs. deposition time. Illuminated with AM1.5 
simulated light. 
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Table 11. The series and shunt resistance of structure A type ETA solar cell with respect 
to the time soaked in light. (The Rs and Rsh for the cells soaked in light for 5, 10 and 20 
minutes were not calculated, as the J-V curves in the dark were not measured). 
Light Soaking 
Time (min) 
Rs in the 
light 
(Ωcm2) 
Rsh in the 
light 
(Ωcm2) 
Rs in the 
dark (Ωcm2) 
Rsh in the 
dark (Ωcm2) 
0 21 253 21 3145 
3 21 225 23 2500 
5 19 199 not 
calculated 
not 
calculated 
10 19 164 not 
calculated 
not 
calculated 
20 19 149 not 
calculated 
not 
calculated 
60 18 146 17 2563 
120 18 137 18 2462 
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6.9.4 IPCE of the ETA Solar Cell 
To study the ETA solar cell performance, the IPCE spectra were measured by 
illuminating the cell through the composite layer (Figure 79). The ZnO/SnO2 electrode 
provides the route for electron transport and in principle will not contribute to light 
harvesting in the cell. The relatively low IPCE in the UV region (300 - 400 nm) may be 
partly due to the strong light absorption of the FTO layer.  
The IPCE of the ETA cell shows appreciable photon to electron conversion 
efficiencies in the visible region, with a maximum efficiency of ~30 % in the 500 - 600 
nm range. The maximum peak corresponds to the estimated bandgap of In2S3, 2.3 eV 
which was confirmed by optical measurements. Therefore it appears that the In2S3 also 
acts as a light harvesting layer up to 540 nm while performing as a buffer layer to 
reduce charge carrier recombination.  
 
 
Figure 79. IPCE spectra of ETA cell measured at chopping frequency of 11 Hz. A 
schematic representation is superimposed on the IPCE plot to show the effect of PbS 
particle size on the IPCE spectra.30 
 
PbS has been widely used as a light harvesting material in ETA cells and 
quantum dot solar cells due to its high absorption coefficient (10 – 105 cm-1)178 and 
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strong size quantization effects. As the particle size is reduced below 15 nm,179  the 
bandgap widens due to the quantum confinement effect. The bandgap widening allowed 
photogenerated charge injection to the composite layer. This phenomenon has been 
clearly seen in the IPCE spectra. The cell is considerably photoactive in the region     
(540 – 1100 nm) suggesting that the PbS layer consists of a size distribution of PbS 
nanoparticles. This has been schematically represented in the onset of the IPCE spectra 
(Figure 79).  
 In excitonic solar cells such as ETA cells, surface coverage (θ) by the absorber is 
crucial in the development of these devices. However the fabrication of conformal and 
uniform layers of the absorber is very difficult due to the physical and surface 
properties of the highly structured metal oxide electrode. Therefore techniques such as 
using bi-functional molecules to anchor semiconductor nanoparticles to the oxide have 
been attempted.180 This technique is expected to provide a uniform monolayer of 
absorber particles on the surface. However the molecular linker can hinder charge 
carrier transport from the absorber to the oxide. In addition the use of a linker may not 
significantly increase surface coverage. For example Guijarro et al180 attempted to 
attach CdSe nanoparticles to highly porous TiO2 electrodes using molecular linkers 
found that only 0.14 (14%) of the surface had been covered. In this case PbS was 
directly applied to the cell using CBD. A drawback of the CBD technique is the lack of 
control over surface coverage and particle size. However the amount of absorber 
deposited on the cell can be readily controlled. Electrodes fabricated with absorbers 
deposited by the CBD method have also shown a relatively high charge carrier 
recombination resistance which is essential in photovoltaic cells.181 
 The quantity of PbS in the ETA cells was systematically changed by varying the 
deposition time. Although it is possible to analytically determine the amount of PbS in 
the cell, it would not provide a true reflection of the surface coverage of the absorber. In 
addition the CBD technique can result in the formation of multilayer’s of PbS. The 
surface coverage of the absorber was estimated by relating the IPCE to the PbS 
deposition time (Figure 80a). The surface coverage was estimated by relating the IPCE 
to the PbS deposition time. It was assumed that only the PbS nanoparticles directly 
attached to the In2S3 particles were responsible for charge carrier injection. Figure 80b 
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shows that the IPCE starts to level off after 6 minutes of deposition. These results are an 
indication that for absorber deposition time’s ≤ 6 minutes, PbS growth occurs on 
uncovered In2S3 surfaces. However as the PbS deposition time exceeds 6 minutes, 
further growth of PbS may occur on already deposited PbS particles. This observation 
has also been observed by diffuse reflectance studies which showed that PbS particle 
size increased with deposition time. In addition the reduced IPCE with deposition time 
can also be attributed to PbS growth blocking further penetration and coverage of the 
highly structured metal oxide. To estimate the surface coverage of structure A ETA solar 
cells the experimental IPCE data was compared to theoretically estimated IPCE data. 
 The IPCE of the cells were theoretically estimated by considering the internal 
surface area of the composite electrode, surface coverage of the absorber, and radius of 
the PbS particles. The electron injection and collection efficiencies are highly important 
variables of the IPCE. In highly porous electrodes charge collection efficiencies are 
reduced to the increased distance electrons are required to travel in the electrode. This 
phenomenon has been observed in DSSC cells.182 In this model only structure A ETA 
solar cells were considered. Therefore only the internal surface area of the ZnO/SnO2      
(50:50 Zn:Sn mol% precursor (2)) electrodes were considered. These electrodes 
showed a compact area close to the substrate which gradually became more porous 
closer to the surface (Figure 63c). The thickness of the highly porous area of the 
electrode was approximately 1 μm. This length was small enough for the electron 
collection efficiency to be assumed as unity (100%). Studies on the electron injection of 
quantum dots in to metal oxides is relatively fast.183 As the PbS layer was found to be 
fabricated from nanoparticles it was also assumed that the electron injection efficiency 
was also unity. Therefore the theoretical IPCE calculation was based on the light 
absorbed by the PbS layer.  
                  (73) 
Where             (74) 
A is the light absorbed by the PbS, α is the absorption coefficient, θ is the surface 
coverage, Vibes is the volume of PbS in the cell. Equation (73) shows the importance of 
light harvesting by the cell. The absorption of light is a function of both surface coverage 
and PbS particle size. Scalan’s184 study on PbS was used to gather absorption coefficient 
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data for PbS nanoparticles. Theoretical IPCE was calculated for PbS surface coverage of 
0.1 ≤ θ ≥ 0.79. The maximum IPCE was assumed to be 0.79, as this is the maximum 
coverage attainable for close packed cubic system. The radius of the PbS particle were 
modelled in the 1 to 5 nm range, as size quantization effects are significant for these 
sizes.179 As CBD results in an absorber layer with a large range of particle sizes, the 
effect of the average particle size on IPCE was also analysed.  
The theoretical IPCE studies corresponding to the surface coverage of 0.1, 0.4, 
and 0.79 are shown in Figure 80c-e. The effect of the average PbS particle size with 
respect to the surface coverage is shown in Figure 80f. To remove the effect of charge 
carrier generation and collection by the In2S3 layer, only the 540 – 1100 nm spectral 
region where PbS is the only light harvester was analysed. Comparing the experimental 
data to the theoretical data estimated that the structure A ETA cells had a surface 
coverage of 0.1 to 0.2 (10 – 20%). The surface coverage of these cells appears to be low, 
but does seem to agree with literature reported values for similar cells.185 Therefore 
further increasing the composite layer thickness will not improve cell performance. This 
result agrees with studies on the effect of PV performance. Therefore further 
investigation of improving surface coverage of the absorber is required to develop ETA 
solar cells. 
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Figure 80. (a) IPCE spectra of ETA cells with PbS deposition time (b) IPCE at λ = 600 
nm vs. PbS deposition time. Estimated IPCE spectra based on the effect of PbS particle 
radius for surface coverage, θ; (c) θ = 0.79, (d) θ = 0.4, (e) θ = 0.1 respectively, and (f) 
for average PbS surface coverage from θ = 0.1 - 0.79. 
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6.9.5  Impedance Spectroscopy 
 The application of impedance spectroscopy allows for electronic properties such 
as conductivity, capacitance and resistance of a solar cell to be evaluated. A frequency 
response analyser (FRA) applies an AC signal to the cell, and detects the oscillating 
current response from the cell. The effect of the solar cell on amplitude and phase shift 
of the current signal is analysed by the FRA and is described in terms of the cells 
impedance.186 The shapes of the impedance plots provide information on the equivalent 
circuit of the cells under investigation. Figure 81 shows the impedance (or Nyquist) plot 
of a structure A ETA solar cell under both dark and light conditions. The points are the 
experimentally determined data, and the fitted curves are the data modelled to the 
equivalent circuits shown in Figure 82.  
 
Figure 81. Nyquist plot of the ETA cell under reverse bias and (a) dark and (b) AM1.5 
illumination. The curves fitted to the experimental data from the equivalent circuit 
show in Figure 82.  Frequencies applied to the cell: 10 Hz to 1 MHz. 
 
 In a simplified version of the ideal solar cell, the cell would be described as a 
resistor in series with a parallel resistor and capacitor combination; R(RC). The 
impedance of the DSC is quite complex due to the penetration of the electrolyte through 
the porous network of the metal oxide electrode. ETA solar cells on the other hand have 
a structure close to a p-i-n device. Therefore a R(RC) model can be applied to the ETA 
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solar cells. However in this case, the multiple layers of the ETA solar cell result in 
multiple parallel resistor and capacitor combinations at each interface (Figure 82). 
Under dark conditions, a constant phase element, Q is introduced to the circuit. Q can be 
written as ZQ=(Yojω)-n, where Yo is a constant, ω is the angular frequency and j is the 
imaginary component. When n = 1, Q acts as a capacitor, and a resistor when n = 0.187 
Therefore under dark conditions, this interface is a combination of two resistors in 
parallel, (RR) and a resistor and capacitor in parallel, (RC). In this case n varied from 
0.69 to 0.72 in the reverse bias, indicating that the component Q has capacitance like 
behaviour.  
 
Figure 82. Equivalent circuit of a structure A type ETA solar cell under (a) dark and (b) 
light conditions. 
 
 The impedance plots show that at low frequencies the current passes through 
the resistors, while at high frequencies the current passes more readily through the 
capacitor at each interface (Figure 81). The shift of the impedance semicircles along the 
x-axis shows that the current encounters a resistance, R1 to charge carrier transport. 
Under dark conditions R1 varied from 38.9 to 39.7 Ω, while in the dark R1 varied from 
43.6 to 48.6 Ω in the reverse bias. The slight rise in the cells resistance under 
illumination can be due to the rise in internal temperature of the cell hindering charge 
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transport at the metal contacts. From the impedance plots it is clear that a relatively 
large photocurrent is generated, and resistance to charge transport is increased.  
The resistance at the interfaces of the equivalent circuits of the ETA solar cells is 
the resistance due to charge carrier recombination (Rrec). At the interface the 
capacitance is considered to be the chemical capacitance (Cμ).183 This capacitance is the 
result of variation in charge carrier density on either side of the interface creating a 
displacement of the quasi Fermi levels. Figure 83a and b shows the plots of chemical 
capacitance vs. potential under dark and light conditions. As expected the capacitance of 
the cell significantly increases as the applied potential converges to the forward bias. 
Figure 83c and d show the recombination resistance with respect to the applied 
potential at each interface. In the solar cell the recombination resistance is required to 
be as large as possible for efficient charge carrier collection.188 The results show that 
charge carrier resistance is relatively higher under dark conditions than light. Therefore 
illumination of the solar cell appears to introduce defects in to the material. The 
electron lifetime in the cell can be evaluated from the modelled equivalent circuit for the 
ETA cell.  By multiplying the chemical capacitance (Cμ) with the resistance (Rrec), the 
electron lifetime (τ) at each interface may be derived.189,190 
           (75) 
 Figure 83e and f show the life time of the electrons at each interface as the 
potential was applied to the cell. In the forward bias the electron lifetime was smaller 
than in the reverse bias due to a reduced potential barrier, increasing the probability of 
charge carrier recombination. Under illumination, the cells display significantly smaller 
electron lifetimes. Consequently illumination of the ETA solar cells appears to introduce 
or activate defects in the material such as the increase in dangling bonds found in 
amorphous silicon cells. Therefore to optimise the ETA cells, studies on the surface 
states of the materials and their passivation under dark and light conditions is required. 
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Figure 83. Capacitance, recombination and electron life time at each interface of the 
ETA solar cell. The data was derived from impedance plots under dark and AM1.5 
simulated light. Chemical capacitance in the (a) dark and (b) light. Recombination 
resistance in the (c) dark and (d) light. Electron life time in the (e) dark and (f) light. 
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6.9.6  Increasing the Voc of the ETA Solar Cell  
 The studies on FTO/ ZnO/SnO2 / In2S3/ PbS/ PEDOT:PSS/ Cgraphite/ FTO cells ETA 
solar cells have shown low Voc values (~0.3 V). The evidence gathered in this 
investigation indicates that there is a high degree of charge carrier recombination 
within the cell. The IPCE data demonstrated that the PbS layer absorbs over a large 
wavelength range, due to a large PbS particle size distribution. Figure 16 shows that the 
energy band (CB) positions of the PbS nanoparticles can either have a small or large 
energy gap from the In2S3 CB. As a result it is possible that a high degree of charge 
carrier recombination occurs.  
 
 
Figure 84. Transient J-V curves of the structure A cells and FTO/ ZnO/SnO2 / In2S3/ 
Sb2S3/ PbS/ PEDOT:PSS/ Cgraphite/ FTO cells. The Sb2S3 layer was deposited by CBD for 
10, 20 and 30 minutes. 
 
 The FTO/ ZnO/SnO2 / In2S3/ Sb2S3/ PbS/ PEDOT:PSS/ Cgraphite/ FTO cells were 
fabricated in the same method as the structure A cells (FTO/ ZnO/SnO2 / In2S3/ PbS/ 
PEDOT:PSS/ Cgraphite/ FTO cell), except that after the deposition of In2S3 a layer of Sb2S3 
was added.  The Sb2S3 layer was deposited using CBD as outlined by Messina et al191 and 
used by Itzhaik et al192 to produce ETA solar cells with the following configuration; 
FTO/ TiO2 / Inx(OH)ySz / Sb2S3 /CuSCN / Au. To test whether the Sb2S3 layer improved 
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the Voc of the cell, one set of cells were left without the Sb2S3 layer (i.e. structure A), and 
for the rest of the cells the thickness of the Sb2S3 layer was varied by changing the 
deposition time from 10 to 30 minutes. The as-deposited Sb2S3 layers were orange in 
colour; therefore was difficult to visually distinguish this layer from the In2S3 layer. It 
has been reported that the as-deposited Sb2S3 films showed poor photoconductivity, but 
annealing the films in N2 lead to 103 increase in photosensitivity.119 However              
Itzhaik et al192 found that annealing the samples in N2 and then cooling the samples in 
air produced better performing cells (FTO/ TiO2/ Inx(OH)ySz/ Sb2S3/ CuSCN/ Au) than 
those cooled in N2. This is thought to be due to Sb2O3 acting as a passivation layer 
between the Sb2S3 and CuSCN layer. Therefore the samples were then annealed at 300°C 
for 30 minutes under a flow of argon (~0.3 lmin-1), and cooled to ~230°C, the argon 
flow was removed and the samples were cooled in air. The annealing step, lead to the 
Sb2S3 layer changing colour from orange to a dark black- colour with a greyish surface. 
The remaining PbS, PEDOT:PSS and Cgraphite layers were deposited under the same 
conditions used for structure A. As a result of the Sb2S3 layer it was difficult to visually 
check the uniformity of the PbS on the surface. 
 Figure 84 shows the transient J-V curves for structure A and the Sb2S3 altered 
ETA solar cells. These results show that the Sb2S3 layer has a significant effect on the cell 
performance. With the addition of the Sb2S3 layer at the In2S3/ PbS interface, the Voc was 
found to increase from 0.31 V to 0.47 V (Table 12). The ETA cell with the largest Voc of 
0.52 V was fabricated with a Sb2S3 layer deposited for 20 minutes. Therefore this layer 
is believed to reduce electron-hole recombination at the In2S3/ PbS interface. This 
reduction in charge carrier recombination is reflected by the higher FF of the Sb2S3 
layers. However a drawback of the inclusion of the Sb2S3 layer was the significant 
decrease in the Jsc as the thickness of this layer was increased. 
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Table 12. The effect adding Sb2S3 on the photovoltaic performance of the ETA solar cell. 
ETA cell structure Sb2S3 
deposition 
time (min) 
Voc (V) Jsc 
(mAcm-2) 
FF η (%) 
structure A: FTO/ ZnO/SnO2 / In2S3/ 
PbS/ PEDOT:PSS/ Cgraphite/ FTO 
0 0.31 7.30 0.30 0.66 
FTO/ ZnO/SnO2 / In2S3/ Sb2S3/ PbS/ 
PEDOT:PSS/ Cgraphite/ FTO 
10 0.47 4.50 0.35 0.72 
FTO/ ZnO/SnO2 / In2S3/ Sb2S3/ PbS/ 
PEDOT:PSS/ Cgraphite/ FTO 
20 0.52 3.90 0.34 0.69 
FTO/ ZnO/SnO2 / In2S3/ Sb2S3/ PbS/ 
PEDOT:PSS/ Cgraphite/ FTO 
30 0.47 4.60 0.36 0.77 
 
Figure 85 shows the IPCE of structure A and the Sb2S3 altered ETA cells. The 
structure A cell shows a large peak and maximum quantum efficiency at approximately 
550 nm (2.25 eV) range corresponds to the bandgap of In2S3. Therefore the majority of 
charge carrier generation is believed to occur in this layer. The small shoulder on the 
large peak in the 300-400 nm (4.1 - 3.1 eV) range corresponds to the charge carrier 
generation in the composite layer. After the maxima of the peak at 550nm the efficiency 
of the cell tails off gradually as the wavelength changes from the visible to infra-red light 
region.  Therefore the PbS layer appears to makes only a small contribution to the 
charge carrier generation in the cell.  
With the addition of the Sb2S3 layer, the IPCE of the cells in the UV region (~300-
400 nm) decreases (Figure 85). In addition the maximum IPCE of these cells is 
decreased, and red shifts as the thickness of the Sb2S3 layer was increased.  The 
inclusion of Sb2S3 also results in a new shoulder on the largest peak extending the 
breadth of the peak from ~450 nm to ~700 nm (2.8 to 1.8 eV). This is evidence of the  
Sb2S3 layer contributing significantly to the IPCE of the cell (the bandgap of Sb2S3 is 
given as 1.7-1.8 eV).192 However with the inclusion of Sb2S3 in the cell, there no longer 
appears to be any contribution to the IPCE from the PbS layer. 
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Figure 85. IPCE of the structure A cell and FTO/ ZnO/SnO2 / In2S3/ Sb2S3/ PbS/ 
PEDOT:PSS/ Cgraphite/ FTO cells. The Sb2S3 layer was deposited by CBD for 10, 20 and 30 
minutes.  
 
Figure 86 shows the possible band alignment diagram for the FTO/ ZnO/SnO2 / 
In2S3/ Sb2S3/ PbS/ PEDOT:PSS/ Cgraphite/ FTO cells. From this figure it is clear that there 
is a large energy offset between the CB of Sb2S3 and In2S3. As a result electron injection 
from Sb2S3 to In2S3 may be hindered, resulting in the relatively smaller IPCE and Jsc of 
the Sb2S3 altered cells. The lack of IPCE in the infra-red region appears to be a direct 
result of the Sb2S3 layer preventing electron injection from the larger PbS particles (PbS 
particles with bandgaps smaller than Sb2S3). 
These preliminary results suggest an interesting new direction for improving cell 
efficiency. Therefore further cells should be made to optimise the thickness of the Sb2S3 
layer to increase Voc while also increasing the Jsc of the cell. Also further work is 
required to optimise the annealing conditions of the Sb2S3 layer. The cells fabricated in 
this study used a Sb2S3 layer cooled in air. However this treatment forms of a Sb2O3 
layer that may act as a passivation layer and hinder the efficiency of the ETA cells. In 
addition changing the annealing conditions of the In2S3 layer may improve the efficiency 
structure A type ETA cells. Currently the In2S3 layers used in these cells are annealed 
and cooled in argon. However it may be worth trying to cool these samples in air to 
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produce a natural passivation layer, in a similar manner to Itzhaik et al’s Sb2S3 cells.192 
As a result we may not require the Sb2S3 layer to increase the Voc. 
 
 
Figure 86. Band alignment diagram for the FTO/ ZnO/SnO2 / In2S3/ Sb2S3/ PbS/ 
Cgraphite/ FTO ETA solar cell based on reported values in the literature.68,110  
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Chapter 7.0  Conclusions and Future Work 
7.1  Conclusions 
In summary this work has shown that AACVD is a facile route for the fabrication 
of electrodes with a range of (ZnO,SnO2) composite blends, as well as single metal oxide 
electrodes of ZnO and SnO2. Detailed characterization of the composite blend, 
morphology and optical properties of the electrodes was conducted by systematically 
varying the Zn:Sn ratio of the precursor solution. Control of the Zn:Sn ratio in the 
precursor solution, resulted in the fabrication of electrodes with different 
morphologies; ranging from compact films to nanoparticle, nanoplate and nanocolumn 
type structures. The nanoparticle and nanoplate morphologies were observed when the 
Zn content was ≥ 80 mol%, while the nanocolumnar structures were grown directly on 
to conducting glass substrates by increasing the Sn content in the precursor above 50 
mol%. We have shown that by fine tuning the Sn content, the width and packing density 
of the nanocolumns can be tuned. The composite blend and structure of these 
electrodes were correlated with the optical performance of the electrodes. The type of 
zinc precursor used to deposit the composite electrodes was also found to play a critical 
role in the orientation and structure of the metal oxide electrodes.  
Diffuse reflectance studies proved to be a good method for determining the 
bandgap of the nanostructured electrodes. It was found that by varying the Zn:Sn ratio 
in the precursor, the optical absorption threshold of the resulting electrodes could be 
fine-tuned between the bandgap of ZnO and SnO2. The relationship between the 
absorption threshold and the Zn:Sn content in the precursor solution showed a non-
linear behaviour, indicating a degree of aperiodicity in the ZnO structure. This disorder 
in the ZnO wurtzite structure has been attributed to the substitution of Zn2+ ions by Sn4+ 
ions in the crystal lattice.  This aperiodicity in the crystal structure was confirmed by 
APCE experiments to study the optical absorption of the composite electrodes. The 
nanostructured morphology and optical absorption threshold of the (ZnO,SnO2) 
electrodes make them suitable for many photovoltaic applications that require large 
surface to volume ratios and absorption in the UV region.  The flexibility of the AACVD 
process has shown that the composite blend, nanostructure and optical absorption of 
semiconducting materials can be easily controlled. Therefore this technique is believed 
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to be a very easily adapted for the large area deposition of nanostructured 
semiconductor electrodes.  
To explore the suitability of the (ZnO,SnO2) electrodes in the development of 
photovoltaic applications, these electrodes were incorporated in to FTO/(ZnO,SnO2)/ 
In2S3/PbS/PEDOT:PSS/Cgraphite/FTO ETA solar cells, where the efficiency was directly 
related to the structure, optical and charge transfer properties of the composite 
electrode. It was established that superior PV performance of the cells was directly 
related to the high internal surface area of the metal oxide structures. The best 
performing ETA cells were fabricated from ZnO/SnO2 composite electrodes deposited 
from 50:50 Zn:Sn mol% precursor solutions. 
IPCE studies of the ETA cells reveal a maximum photon conversion efficiency of 
approximately 30 % in the visible region. It was determined that the In2S3 buffer layer 
that was originally intended to decrease charge carrier recombination, also contributed 
to the light harvesting properties of the cell. A theoretical estimation of the IPCE spectra 
was performed in the region of 540 – 1100 nm by considering the enhanced internal 
surface area over a projected area. The theoretical IPCE spectra matched well with the 
experimental IPCE data when PbS surface coverage is about 0.1 – 0.2 (10 – 20 %). This 
value of surface coverage by the absorber matched well to similar cells reported in the 
literature. However, value is still very low. This low surface coverage accounts for the 
lack of improvement in the PV performance of the cells when the thickness and hence 
the internal surface area of the composite electrode was improved.  
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7.2 Future Work 
Although the ETA solar cells were successfully fabricated from composite 
(ZnO,SnO2) electrodes, further work is required to make the cell economically and 
commercially viable.  To increase cell efficiency the following material and processing 
improvements need to be made. 
1.  The first step is to increase the surface coverage of the absorber (PbS) layer. The 
principle behind the fabrication of ETA solar cell is to increase the light harvesting 
efficiency of the cell by increasing the internal surface area of the electrode. Therefore a 
low surface coverage means that this high internal surface is not being utilised and will 
result in a smaller Jsc.  
2.  Although the CBD technique is a facile method for the fabrication of 
semiconductor materials, the process is a batch reaction. The high level of precipitation 
in the solution results in a high degree of chemical waste which increases the cost of this 
technique. Successive ion layer adsorption and reaction (SILAR) and ion layer gas 
adsorption and reaction (ILGAR) methods have been used to deposit similar 
chalcogenide materials used in the ETA cell. However to build up a similar 
semiconductor thickness as fabricated by the CBD method, these techniques require a 
relatively longer deposition time. Therefore a continuous process such as AACVD or 
electrodeposition would produce less waste. 
3.   In the ETA solar cells, In2S3 was used to reduce charge carrier recombination 
between the composite metal oxide and the PbS absorber layer. However, other buffer 
layer materials may be more suitable for passivating the defects, and allow the cell to 
benefit from the increased surface area. 
4. Preliminary results found that inserting Sb2S3 in to the ETA cell structure (FTO/ 
ZnO/SnO2 / In2S3/ Sb2S3/ PbS/ PEDOT:PSS/ Cgraphite/ FTO) caused a significant increase 
in the Voc. However a drawback of using Sb2S3 in these cells was there is no contribution 
to photocurrent from the infrared region of the solar spectrum. These findings suggest 
that charge carrier recombination occurs at In2S3/PbS interface.  
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5.  Replacement of the PbS absorber with another material may also improve device 
efficiency. In these cells, charge injection from the PbS to the buffer or composite metal 
oxide layer relies on the size quantisation effect of PbS nanoparticles. The fabrication of 
this layer was by the CBD technique, as a result there was a large distribution of PbS 
nanoparticles. This size distribution may increase charge carrier recombination within 
the cell. Although other techniques can be used to fabricate PbS, it is still very difficult to 
create the control the size of PbS particles when deposited directly on the electrode 
surface. Therefore choosing an absorber with the necessary energy band positions 
should improve both the efficiency and reproducibility of the solar cells.  
6.  The ZnO/SnO2 composite electrodes have demonstrated that they could be 
successfully incorporated in to the ETA solar cells. However to improve electron 
transport within the cell, the position of the ZnO and SnO2 particles within the needle 
like structures is important. As multiple grain boundaries in the structure can result in 
the scattering of charge carriers, as well as providing recombination sites. Studies have 
shown that electron transport through nanorod electrodes is significantly faster than 
other mesoporous type structures. This effect is due to reduced electron and hole 
scattering and recombination in these materials as the electrons pass through fewer 
grain boundaries, where charge carrier recombination takes place. Therefore using 
nanorods with fewer grain boundaries should be explored in the solar cells, as this can 
dramatically increase the Jsc. 
7.  IPCE studies of the ETA solar cells demonstrated that the In2S3 layer also 
contributes to light harvesting and photocurrent generation in the cell. Therefore 
developing the device so that the cell is fabricated from graded bandgap multilayers of 
semiconductor layers could significantly increase the Jsc of the cells.  Consequently 
future research should be directed towards 3rd generation multi-bandgap solar 
structures. 
8.  The efficiencies of the ETA solar cell were ≤ 1%. Therefore for these cells to 
become commercially viable the cells must be at least 10 to 15% efficient. If the above 
improvements are incorporated in to the ETA cell structure the efficiency of the cell can 
be increased. 
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Chapter 8.0  Dissemination of Results 
 The results found during this PhD have been disseminated to other members of 
the scientific community through presentations at conferences and the publication of 
articles in Journals. Below are a list of conferences and articles where the results have 
been published. 
 
8.1  Conferences 
2010 Poster Presentation, Electrochem 2010, Royal Society of Chemistry, Telford. 
2009 Oral Presentation, Royal Society of Chemistry Symposium, Loughborough. 
2009 Poster Presentation, Electrochem 2009, Royal Society of Chemistry, Manchester. 
2009 Poster Presentation, Great Western Regional Electrochemistry Meeting, Bath. 1st 
Prize for poster on “Novel ZnO-SnO2 composite anodes in the preparation of 
extremely thin absorber (ETA) solar cells” at the Great Western Regional 
Electrochemistry Meeting, University of Bath. 
2008 Poster Presentation, Electrochem 2008, Royal Society of Chemistry, Liverpool. 
 
8.2  Published Articles 
1.  J. Akhtar, M.A. Malik, P. O’Brien, K.G.U. Wijayantha, R. Dharmadasa, S.J.O. 
Hardman, D.M. Graham, B.F. Spencer, S.K. Stubbs, W.R. Flavell, D.J. Binks, F. 
Sirotti, M. El Kazzi, M. Silly, “A greener route to photoelectrochemically active PbS 
nanoparticles”, J. Mater. Chem., DOI: 10.1039/b924436k (2010). 
2. R. Dharmadasa, K.G.U. Wijayantha, A.A. Tahir, “ZnO-SnO2 composite anodes in 
extremely thin absorber layer (ETA) solar cells”, J. Electroanal. Chem., 646 124-
132 (2010). 
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3. R. Dharmadasa, A.A. Tahir, K.G.U. Wijayantha, “Single step growth and 
characterization of   composite zinc oxide and tin oxide ZnxSn1-xOy nanoplate and 
nanocolumn electrodes”, Journal of the American Ceramic Society, 
DOI: 10.1111/j.1551-2916.2011.04525.x (2011). 
 
8.3  Articles in Preparation 
1. R. Dharmadasa, A.A. Tahir, K.G.U. Wijayantha, “Transparent Zinc-Tin Oxide 
Composite Electrodes for Optoelectronic, Photoelectrochemical and Photovoltaic 
Applications”. 
2. R. Dharmadasa, K.G.U. Wijayantha, “Photosensitisation of nanocrystalline SnO2 by 
Indium Sulfide”. 
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